
Progressing implementation  
of genetic selection  
in Australian honey bees

by R. G. Banks, E. Frost, N. Chapman,  
V. Boerner, S. Walkom and M. Ferdosi
August 2020



 

 

 

 

 

 

 

Progressing implementation of 
genetic selection in Australian 

honey bees 
 

  

 

by R.G. Banks, E. Frost, N. Chapman, V. Boerner, S. Walkom and M. Ferdosi 

 

 

 

 

 

 August 2020 

 

AgriFutures Australia Publication No. 21-087 
AgriFutures Australia Project No. PRJ-010257



 

ii 

© 2021 AgriFutures Australia  
All rights reserved.    

 

ISBN 978-1-76053-194-2 
ISSN 1440-6845 

Progressing implementation of genetic selection in Australian honey bees 
Publication No. 21-087 
Project No PRJ-010257 

The information contained in this publication is intended for general use to assist public knowledge and 
discussion and to help improve the development of sustainable regions. You must not rely on any information 
contained in this publication without taking specialist advice relevant to your particular circumstances.  

While reasonable care has been taken in preparing this publication to ensure that information is true and correct, 
the Commonwealth of Australia gives no assurance as to the accuracy of any information in this publication. 

The Commonwealth of Australia, AgriFutures Australia, the authors or contributors expressly disclaim, to the 
maximum extent permitted by law, all responsibility and liability to any person, arising directly or indirectly from 
any act or omission, or for any consequences of any such act or omission, made in reliance on the contents of 
this publication, whether or not caused by any negligence on the part of the Commonwealth of Australia, 
AgriFutures Australia, the authors or contributors. 

The Commonwealth of Australia does not necessarily endorse the views in this publication. 

This publication is copyright. Apart from any use as permitted under the Copyright Act 1968, all other rights are 
reserved. However, wide dissemination is encouraged. Requests and inquiries concerning reproduction and 
rights should be addressed to AgriFutures Australia Communications Team on 02 6923 6900. 

Researcher contact details 

Robert Banks 
Animal Genetics and Breeding Unit 
University of New England 
Armidale NSW 2351 

 
02 6773 2425 
rbanks@une.edu.au 

In submitting this report, the researcher has agreed to AgriFutures Australia publishing this material in its edited 
form. 

AgriFutures Australia contact details 

Building 007, Tooma Way 
Charles Sturt University 
Locked Bag 588 
Wagga Wagga NSW 2650 

02 6923 6900 
info@agrifutures.com.au 
www.agrifutures.com.au 

Electronically published by AgriFutures Australia at www.agrifutures.com.au in August 2021 

AgriFutures Australia is the trading name for Rural Industries Research & Development Corporation (RIRDC), a 
statutory authority of the Federal Government established by the Primary Industries Research and Development 
Act 1989.  



 

iii 

Foreword 
The European honey bee (Apis mellifera) is one of the most important insects in Australia because it 
produces honey and provides pollination services. Pollination alone is worth more than $14 billion to 
the Australian economy and requires about 530,000 hives each year. The declining terms of trade and 
the increasing requirement of pollination services indicate the honey bee industry is ready for a 
significant change. Genetic improvement has provided this step-change for animal industries over the 
past 50 years. Now is the time for the honey bee industry to consider how genetic improvement could 
be harnessed to meet pollination needs in the future.  

Genetic improvement involves using a number of methods, including genomic tools, to drive 
improvement in honey bee traits important to producers, such as honey production, temperament, 
disease resistance and pollination services. Seeking genetic improvement of hives can increase the 
viability of honey production, increase industry resilience in times of change, and increase pollination 
efficiency and effectiveness. However, developing and implementing a genetic improvement plan for 
any industry takes significant research and investment.  

To develop a genetic improvement plan, the industry needs to understand if it is possible for the 
honey bee to have a formal genetic improvement plan, how much such a plan would cost, and whether 
the genetic variability exists to drive the improvements the industry needs. This research continues 
work previously undertaken in the AgriFutures Australia project Genetic Evaluation of Australian 
Honey Bees using BLUP procedures to understand and develop a genetic improvement plan for the 
honey bee industry. This research collected data from queen bee breeders, genotyped queens and 
sampled drones to establish genetic relationships, developed educational materials for queen bee 
recording and selection, and considered how the honey bee industry could establish and fund a genetic 
improvement plan through a queen bee evaluation program.  

This project demonstrates that establishing estimated breeding values for queens around honey 
production and other scored traits can be achieved at any scale. The project delivered DNA sampling 
protocols for genomic identification and understanding of genetic relationships. A number of 
scenarios were developed within this research for consideration by the honey bee industry on how a 
genetic improvement program could be implemented and what the costs associated with this 
implementation would be. While the research showed that a genetic improvement program was 
achievable, a coordinating body would need to drive the implementation. The research has provided a 
strong body of evidence on why and how to implement a genetic improvement program across the 
honey bee industry.  

This report for the AgriFutures Honey Bee & Pollination Program adds to AgriFutures Australia’s 
diverse range of research publications. It forms part of our Growing Profitability Arena, which aims to 
enhance the profitability and sustainability of our levied rural industries. Most of AgriFutures 
Australia’s publications are available for viewing, free download or purchase online at 
www.agrifutures.com.au 

 

John Smith  
General Manager, Research  
AgriFutures Australia  
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Executive summary 
What the report is about 

This report extends the focus of an earlier Rural Industries Research and Development Corporation 
project, Genetic Evaluation of Australian Honey Bees using BLUP procedures, by setting out the 
principles of implementation of genetic and genomic selection in honey bees in Australia. 
 
Genetic improvement, whether using modern genetic methods or those methods extended to include 
use of genomic tools, provides scope for steady and valuable improvement in traits such as honey 
production, temperament, disease resistance and pollination services. Such improvement can assist in 
building viability of honey production, increase industry resilience in the face of current and potential 
disease threats, and enhance pollination efficiency. 

 
Who is the report targeted at? 

The report includes material and recommendations relevant to queen breeders, queen multipliers, 
providers of pollination services and beekeepers, and to research and extension personnel, and 
industry consultation groups. 

Where are the relevant industries located in Australia?  

Beekeeping is located across the south-eastern states and in Western Australia. Queen breeding is 
dependent on a relatively small number of enterprises, with a further relatively small number of 
enterprises involved in multiplication. Pollination services are provided in a variety of locations 
depending on the crop involved but are broadly across regions that support horticultural activity. 

Background 

Genetic improvement can be a very powerful strategy for building and maintaining industry 
profitability for any species, but to date, application of systematic improvement has been limited in 
the Australian honey bee industry. Genetic improvement can assist in meeting industry challenges, 
and for this reason most livestock industries in developed countries have initiated industry-wide 
genetic evaluation systems in the past two to three decades. The Australian honey bee industry has 
commenced the genetic improvement journey with a previous AgriFutures Australia project, Genetic 
Evaluation of Australian Honey Bees using BLUP procedures. This project has built on that work and 
provides a base for the Australian honey bee industry to introduce a genetic improvement program.  

Aims/objectives 

The project aimed to outline the main elements in industry-wide implementation of modern genetic 
and genomic improvement methods. The specific objectives were: 

1. Collect more data on production and health traits from the Horner family breeding program 
and, if possible, from queen breeders across Australia.  

2. Genotype queens and, funds permitting, collect and process samples of drones and workers 
from the Horners’ program, to build a genetic relationship map across their entire program. 

3. Using pedigree data and genotypes, analyse the full population in that program and, subject to 
availability of data, other programs. 

4. Contribute to the development of educational material on queen bee breeding, to be 
developed by NSW Department of Primary Industries (DPI). Contributions will include basic 
material on recording and selection, and on managing inbreeding. 

5. Genotype imported semen to allow inclusion of the new genetic sources to be properly 
evaluated in the future through inclusion of source pedigree information. 
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6. Ascertain the scope for an expanded queen evaluation program aimed at systematic 
evaluation of production and health traits under more environments than are considered at 
present, including a benefit-cost analysis. 

Methods used 

The project included: 

• Analysis of pedigree and performance data provided by the Horner family. 
• Sampling and DNA analysis of colonies maintained by the Horner family and Better Bees 

WA. 
• Modelling of industry implementation to enable benefit-cost analysis. 

Results/key findings 

The key findings and results of the project were: 

• Estimated breeding values (EBVs) for queens for ‘Honey production’ and scored traits, 
demonstrating the capability to deliver this form of analysis on essentially any scale. 

• Protocols for sampling for DNA analysis and, albeit on very much a pilot scale, initial results 
for genetic relationships among colonies maintained by the Horner family and Better Bees 
WA, based on that DNA analysis. The project has established a provider for ongoing DNA 
analysis of the type required for genomic selection. 

• Scenarios for implementation of genetic and genomic selection, and benefit-cost analysis of 
those at industry scale. The key result here is that under very cautious assumptions, 
investment in genetic and genomic selection by industry can be practical and profitable, but 
that some form of underpinning coordination will likely be essential. 

• No importation has occurred during the project and, accordingly, no genotyping of imported 
genetic material has been done. The facility to do so has been identified through the 
genotyping in the project. 

Implications for relevant stakeholders 

The implications of the report are relevant to all key stakeholder groups – industry, communities, and 
policy makers. The implications are: 
 

• Subject to the collection of suitable pedigree and performance data, estimated breeding values 
(EBVs) for a variety of traits can be produced for honey bee breeding. EBVs will make 
selection of superior queens more accurate, and hence enable faster and more valuable genetic 
improvement. 

• Genomic tools (i.e. based on reading the DNA of queens, or genotyping) are available at  
practical cost and can enhance the effectiveness of genetic improvement. 

• Selection can be applied to production, health and temperament traits (and potentially others), 
and valuable genetic improvement achieved. 

• Careful economic modelling shows that industry-scale recording and selection, including 
genomic technologies, can be profitable under realistic scenarios, delivering economic 
benefits to beekeepers, pollinators, queen breeders and the honey bee industry. The scale of 
benefits will depend on the level of uptake, i.e. how many hives derive from genetically 
superior queens. Profits per hive per year in the range $20-65, based solely on genetic 
improvement of honey production, are achievable. At modest adoption across industry (20% 
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of new hives per year), that equates to an additional $1m-$3m per year benefit to industry 
(this is after the costs modelled for implementation). 

• Queen breeders and honey producers can participate in implementing genetic improvement by 
careful performance recording and either pedigree or DNA recording. 

• The key requirements for effective genetic and genomic selection, including trait definitions 
and the core of a genomic reference population, have been incorporated into the Rural 
Research and Development for Profit Project, Plan Bee. Results presented in this report 
indicate that Plan Bee can be a catalyst for significant increases in implementation and impact 
of modern genetic and genomic methods to the benefit of all stakeholders in the Australian 
honey bee industry. 

• Industry implementation can be highly inclusive – open to queen breeders, multipliers, 
pollinators and honey producers. The use of genomic methods in this context can be a catalyst 
for very rapid and wide uptake because the requirements are either in place or very simple to 
implement. Further, the inclusiveness can help industry ensure adaption to different 
production regions and uses of honey bees, and assist in spreading and minimising the risk of 
insufficient data recording, and of localised or widespread disease challenges. 

• Genomic methods provide the opportunity for a step-change in the honey and pollination 
industries. The key to this step-change is the ability to convert a focused investment in 
recording and data analysis into very wide industry impact, making the most of the recording 
of production, pollination, health and temperament traits. Achieving the step-change will 
require coordination – different sectors working together – and sustained management and 
investment, similar to that in place in other livestock industries. 

• This step-change can dramatically improve the viability, sustainability and profitability of the 
honey bee-based industries in Australia, in the same way that other livestock industries in this 
country have been transformed by genetic improvement. 

The opportunity should be grasped – industry working together to achieve this goal. 

Recommendations 

The model for industry-scale recording and selection should be progressed. This will involve the 
following elements:  

• Standardised trait definitions and recording protocols. 
• Database capable of receiving and storing pedigree, performance and genotype data.  
• Analysis tools (in place). 
• A nucleus or core of recorded and genotyped queens.  
• A strong communications program aimed at encouraging four main activities: 

o Recording of key traits in colonies maintaining at least five hives. 
o Submitting of hive samples for genomic testing, to establish relationship with the national 

genomic reference population and the genetic merit of the hive (and hence queen) 
sampled. 

o Selection within the genomic reference to generate rapid genetic progress for important 
traits. 

o Widespread use of AI from elite genetic material to disseminate the genetic progress 
being made. 

• Development of an industry governance model, including mechanism for sustained funding, 
and a business model for participation. 

 
Industry should use the Plan Bee project as the focus for: 
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• Developing co-investment to sustain the model beyond the current R&D project. 
• Encouraging participation by queen breeders and honey producers, who can contribute vital 

trait data and pedigree and/or DNA data. 

These recommendations are relevant to all stakeholders of genetic improvement of the Australian 
honey bee industry. 
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Introduction 
Genetic improvement can be a very powerful strategy for building and maintaining industry 
profitability for any species, but to date, application of systematic improvement has been limited in 
the Australian honey bee industry. 

All agricultural industries face two continuing challenges: 

• Declining terms of trade, meaning that prices received for products do not keep pace with 
input costs (Mullen, 2010). 

• Increasing prevalence of diseases, arising from climate change, increasing intensification and 
increasing global trade movements, among other factors. 

Genetic improvement can assist in meeting both these challenges, and for this reason most livestock 
industries in developed countries have initiated industry-wide genetic evaluation systems through the 
last two to three decades. 

Australia has an excellent track record in developing and implementing industry-wide genetic 
improvement systems. Examples include the Australian Dairy Herd Improvement Scheme (ADHIS, 
now known as DataGene), BREEDPLAN for the beef industry, LAMBPLAN and MERINOSELECT 
for the sheep industry, PIGBLUP for the pork industry, and extending into plants, TREEPLAN for the 
plantation forestry industry.  

In all cases, the introduction of these genetic improvement systems led to dramatic changes in the rate 
of genetic progress, which in turn contributed to significantly improved profitability of the industry. 
Taking the lamb industry as an example, LAMBPLAN was introduced in 1989, and within a short 
time, industry gross value of production had started rising rapidly, a trend which has continued to the 
present day: 

Figure 1. Gross value of production of the Australian lamb industry, 1984-2003 
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This chart shows the trends in lamb industry gross value of production, adjusted for inflation, over the 
period 1984 to 2004. The initiation of LAMBPLAN in 1989 led to almost immediate change in the 
industry income trend, mainly through enabling exports to the small but growing US market – which 
demanded a larger, leaner lamb than was traditionally produced in Australia.  

The turn-around in industry income accelerated further from 2000, as the expansion of the US market 
was driven by the rapidly increasing availability of the larger and leaner lambs – which could only be 
bred using the LAMBPLAN genetic information. Lamb industry income has continued growing 
steadily since 2000, to be well over $3 billion in 2021 – a more than three-fold increase in inflation-
adjusted terms. 

It is important to note that each industry has had to adapt modern genetic technologies to the 
practicalities of that industry, taking account of: 

• Scale of performance recording. 
• The actual traits that need to be recorded – and how many there are. 
• The timescale over which industry and private investment needs to be maintained. 

These points are discussed in more detail in Appendix 7, but have been taken into account in the 
modelling reported here. 

Industry organisations involved in the development of such systems conduct benefit-cost analyses as 
part of meeting their governance obligations. The results are favourable – benefit-cost ratios in the 
range 3:1 up to 10:1 or more (links to example studies are included in the references). 

The key point here is that industry-wide genetic improvement invariably requires sustained and 
substantial effort, but is highly profitable for an industry. 

The principles of genetic improvement for honey bees have been outlined in various papers and 
reports, with some of the best deriving from Prof. Ben Oldroyd’s PhD studies (Oldroyd, 1984). Some 
more recent papers are highlighted and discussed later in this report. A key observation is that it is not 
lack of knowledge of how to conduct genetic improvement in honey bees in Australia that has held 
back progress; rather, ready availability of basic tools coupled to sustained systematic recording and 
at least a partly effective market for genetically superior queens have meant that the level of 
systematic recording is very low, and there has to date been no means of comparing the merit of 
queens available for sale. 

Transferring learnings from other agricultural species to honey bees regarding genetic improvement 
has been occurring through the past two decades in a small number of countries; in all cases built on 
systematic data collection and genetic analysis. 

The AgriFutures Australia project Genetic Evaluation of Australian Honey Bees using BLUP 
procedures (2015) demonstrated proof-of-concept for application of best linear unbiased prediction 
(or BLUP) methods to genetic evaluation of Australian bees. The datasets analysed in that project 
were small, and limited in detail of pedigree, but results showed the existence of useful genetic 
variation in production and health traits, providing the basis for genetic improvement. 

The present project aimed to build on the Genetic Evaluation of Australian Honey Bees using BLUP 
procedures project to apply the basic principles to larger datasets, conduct genomic analysis, develop 
extension materials, and develop an economic model for wider-scale implementation of genetic and 
genomic methods for honey bee selection. By demonstrating the practicality of data analysis to 
generate EBVs and genotyping (reading the DNA, or genomic analysis), it was hoped that the project 
would establish the foundation for wider adoption of performance recording and show industry how 
to capitalise on the availability of DNA analysis to help in genetic improvement. This demonstration 
would be augmented by developed extension materials made widely available. 
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The outcomes of industry-wide implementation will be more effective breeding programs for 
production, improved hive health and potentially improved pollination traits. Multiple genetically 
linked genetic improvement programs for the beekeeping industry will ensure long-term viability of 
the industry and a stable supply of quality honey bee colonies for pollination-dependent crops. 
Currently, the industry is heavily reliant on a single breeding program for most queens produced in 
the eastern states. This project serves to benchmark genetic relationships between the two main 
sources of honey bee genetics in Australia in order to determine the degree of relatedness. This 
information will guide further genetic improvement depending on how closely related Australian 
honey bees are. Through this work, a domestic provider of genotyping services was secured, bringing 
the Australian beekeeping industry closer to having access to fee-for-service genotyping, as is 
standard for mammalian livestock industries.  

The principles of estimation of genetic merit (i.e. generating EBVs), making use of EBVs, and the use 
of DNA tools and methods in genetic improvement are set out in Appendix 1, and application of these 
principles with industry data is addressed in the Discussion. 
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Objectives 
The project aimed to outline the main elements in industry-wide implementation of modern genetic 
and genomic improvement methods. The specific objectives were:  

Honey bee production and health analysis: 

1. Collect more data on production and health traits from the Horner family breeding program 
and, if possible, from queen breeders across Australia. 

2. Genotype queens and, funds permitting, collect and process samples of drones and workers 
from the Horners’ program, to build a genetic relationship map across their entire program. 

3. Using pedigree data and genotypes, analyse the full population in that program and, subject to 
availability of data, other programs. 

Extension and education: 

4. Contribute to the development of educational material on queen bee breeding, to be 
developed by NSW Department of Primary Industries (DPI). Contributions will include basic 
material on recording and selection, and on managing inbreeding. 

Establishing a platform for ongoing genetic evaluation: 

5. Genotype imported semen to allow inclusion of the new genetic sources to be properly 
evaluated in the future through inclusion of source pedigree information. 

6. Ascertain the scope for an expanded queen evaluation program aimed at systematic 
evaluation of production and health traits under more environments than are considered at 
present, including a benefit-cost analysis. 
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Methodology 
The aim of the project was to examine the scope to progress implementation of modern breeding 
methods in honey bees in Australia, focused on: 

• Identifying and analysing available datasets to produce EBVs for queens, if possible, for 
honey production and other traits. 

• Seeking out potential providers of DNA analysis services and, subject to identifying suitable 
provider(s), analysing tissue samples from one or more breeding programs, to establish the 
potential to obtain genotype information on queens for use in calculating EBVs and in 
managing genetic diversity. 

• Developing options or models for wider-scale implementation of these methods, taking 
account of costs, practicality and potential benefits. 

This project used three methods: 

1. Analysis of pedigree and performance data provided by the Horner family. 

The data was collected by the Horner family through the 2018-19 and 2019-20 seasons. Data was 
provided for the C line maintained by the family, for 2018-19 and 2019-20, and the G line, for 2019-
20. 

In each case, data was provided on the queen mother of each hive (i.e. the mother of the queen in that 
hive). 

The analysis to calculate the EBVs used the pedigree information, enabling information from half-sib 
queens to contribute to the EBV for each queen. 

The Horner family has maintained six distinct lines based on separate original sources for many years, 
and has kept detailed records of subjectively scored traits and queen pedigree through that time. Each 
line typically consists of about 100 queens, with 20-40 selected each year as sources of queen and 
drone mothers (W. Horner, pers. comm.). Recently, the family has added the capacity to collect 
individual hive weight data to their recording system, meaning that honey production can also be 
evaluated. 

Data was analysed using AGBU software tools. The basic model was to fit queen as the genetic factor 
in analysis of the trait data, and where queen mother was known, to include this additional level of 
pedigree information. All analyses were conducted with data batch, i.e. data from hives that had been 
maintained in common locations through the production season. 

2. Sampling and DNA analysis of colonies from the Horner family and Better Bees WA. 

Elizabeth Frost (NSW DPI) coordinated sample collection in collaboration with the Horner family and 
Better Bees WA. The sampling protocol is included in Appendix 5. 

DNA analysis of the samples was conducted by the Australian Genome Research Facility (AGRF), 
and the basic methods are outlined in Appendix 5, within the PowerPoint slides ‘Reading the DNA’. 

Analysis of the genotype data to estimate relationships among colonies followed the method included 
in Appendix 5. 

3. Benefit-cost modelling of implementation of genetic and genomic selection. 

Models were developed drawing on inputs from industry and NSW DPI expertise. 
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The key elements of the model are: 

• Numbers of hives at the ‘nucleus’ and the ‘commercial’ levels. 
• Recording and genotyping costs at the ‘nucleus’ and the ‘commercial’ levels. 
• RD&E costs. 
• Rates of genetic progress in honey production under a) BLUP selection and b) genomic 

selection. 

The scenarios modelled reflect different combinations of recording and genotyping costs, and rates of 
genetic progress achieved, across different scales of industry adoption. 

The model was constructed in Excel, but is currently not packaged in a documented form. This could 
be done. 
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Results 
1. Estimated breeding values for queens, based on data supplied 
by the Horner family 

EBVs for ‘Honey production’ 

Complete lists of the EBVs are included as Appendix 1; the following tables and charts summarise the 
data and key points. 

Table 1: Summary of honey production data provided by the Horner family 

Line and 
year 

Number of 
queen 

mothers 

Number of 
queens (i.e. 
hives) with 

records 

Average 
honey 

production 
(kg) 

Standard 
deviation of 

honey 
production 

(kg) 

Standard 
deviation of 

EBV for 
honey 

production in 
queens (kg) 

C – 2018-19 20 88 41.5 18.2 3.4 
G – 2019-20 18 88 123.3 42.8 8.0 

 

Note that the production period for which the weight of honey was recorded was different in these two 
datasets – data for line G in 2019-20 came from an entire production season, while data for line C in 
2018-19, came from a part-season. 

In both these analyses, the EBVs incorporate information on the half-siblings (half-sibs) of each hive 
(others that share the same queen mother). The effect of including this information is illustrated in the 
following chart – showing the EBVs with the relatives’ information included, and the EBVs without 
relatives’ information, both plotted against the phenotype of the individual hive. 

 

Figure 2: EBVs with and without relatives’ information 

 

Here the EBV calculated using only the phenotype for each hive is shown by the x, and the EBV 
calculated including information from related hives is shown by the dot. 
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The dots are shifted away from the simple line for the ‘Own record only’ EBVs – and the shift reflects 
the average performance of the half-sibs. For example, the queen highlighted by the red arrow has an 
EBV with relatives’ information included of 8.31 kg, but based on her record alone, her EBV is 2.83 
kg. The difference reflects the average performance of four half-sibs, which is 40 kg above the overall 
mean. 

Similarly, the queen highlighted by the blue arrow has an EBV with relatives’ information included of 
-7.78 kg, but her EBV based on her own performance alone is -3.07 kg. The difference here reflects 
that the average performance of her half-sibs is below average – it is 37 kg below the overall mean. 

We know the half-sibs in this dataset because we know the queen mothers. This in turn means that the 
analysis when we include the half-sibs’ information also delivers EBVs for the queen mothers, on the 
same scale as for these queens. This is shown in the following chart: 

 

Figure 3: EBVs for Honey production for queen mothers and queens 

 

The blue bars are the EBVs for ‘Honey production’ for the queens whose hive performance was 
measured. The red bars are the EBVs for the mothers of those queens. 

This chart has a very important message – the EBVs for the queens and for their mothers from the one 
analysis have the same base – meaning that the EBVs for the queens can be directly compared with 
the EBVs of their mothers. 

If all the queen mothers are still available, it would be possible to select the genetically best 
individuals across these two generations. In this dataset, if we select the highest EBVs across the 
queens and the queen mothers, the highest is a queen mother, and her four daughters are in the top 14 
out of 107 individuals. In this case, if we were to select the top individuals across the two generations 
to be parents of the next generation, and assumed we need to pick 18 to be the queen mothers of that 
next generation – keeping the same number of queen mothers – then five of the best 18 would be this 
queen and her daughters. 

This observation highlights an important point about EBVs that incorporate relatives’ information – 
related individuals will end up with more similar EBVs than the EBVs based solely on individuals’ 
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own information. Because of this, if we select on EBVs, we will tend to pick more individuals from 
the best-performing families than if the EBVs only use individuals’ own information. 

This means that unless extra steps are taken, inbreeding will rise when we select on EBVs that include 
relatives’ information – because the selected individuals will tend to be more related to each other 
than a random sample of the population, or than a sample selected on EBVs that only use the 
individuals’ own information. 

These results tell us the range in the value of queens (and their mothers) for honey production: 

– From best to worst in terms of genetic merit, using the G line data, there is a 34 kg range in 
the value of the genes of queens for honey production (see Table 2 below). 

– This means that if the best and worst EBV queens were mated to the same set of drones, and 
the performances of their hives were measured, we would expect to see a 17 kg difference in 
honey production over a season – worth about $100 on current prices. 

 

Table 2: Summary of EBVs for ‘Honey production’ (including relatives’ information) using 
Horner family data 

Line and year Highest EBV 
(kg) 

Lowest EBV 
(kg) 

Range in EBVs 
(kg) 

Range in queen 
mothers’ EBVs 

C – 2018-19 28 -25.9 53.9 19.2 
G – 2019-20 14.5 -19.6 34.1 27.2 

 

EBVs for other traits 

The Horners provided data on a number of other traits recorded on each hive in addition to weight of 
honey produced. Those traits were: 

• Chalkbrood 
• Honey work 
• Bee size 
• Brood viability 
• Lack of beetles 
• Wax cleanliness 
• Not lazy 
• Quietness 

These traits were scored on a 1-5 scale, and EBVs were calculated incorporating information from 
relatives. The table of EBVs for these traits is included in Appendix 1. 

It is interesting to examine the relationships between EBVs for the different traits – by calculating the 
correlations among the EBVs. The full table of correlations is shown in Appendix 1, but some simple 
observations can be included here: 

• EBV for ‘Honey production’ has a small positive correlation with ‘Not lazy’ and ‘Quietness’. 
• EBV for ‘Chalkbrood’ has small positive correlations with the EBVs for ‘Brood viability’, 

‘Lack of beetles’, and ‘Not lazy’. 
• EBV for ‘Honey work’ has small positive correlations with the EBVs for ‘Bee size’, ‘Lack of 

beetles’, and ‘Quietness’. 
• EBV for ‘Bee size has small positive correlations with the EBVs for ‘Brood viability’ and 

‘Quietness’. 
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• EBV for ‘Brood viability’ has small to moderate positive correlations with the EBVs for 
‘Lack of beetles’ and ‘Not lazy’. 

• EBV for ‘Not lazy’ has a moderate positive correlation with the EBV for ‘Quietness’ 
(in all these points, a positive correlation is favourable, or helpful). 

While this dataset is not large enough to make any definitive conclusions about genetic relationships 
between the traits, there is a suggestion that in general the scored traits are to some extent related to 
each other and to honey production. A simple test of this was to simply add the EBVs for the scored 
traits to make a single overall EBV, and calculate the correlation between this and the EBV for 
‘Weight of honey’ – the result was 0.21, a small positive correlation.  

In simple terms, this suggests that hives (i.e. queens) with good genes for these scored traits will tend 
to also have better genes for honey production – but more importantly, it is possible to identify queens 
with superior genes for both honey production and the scored traits. This is illustrated by the chart 
below: 

 

Figure 4: Queens’ Overall EBVs for scored traits and ‘Honey production’ 

 

The dashed line is the average relationship between EBV for ‘Honey production’ and the overall EBV 
for the scored traits. Its slope is positive, indicating a weak positive relationship. 

Records for a ‘Hygiene’ trait and relationship to EBVs for ‘Honey production’ 

In 2018, a subset of 27 queens from one of the lines maintained by the Horners was scored for 
removal of killed brood, and the trait ‘% complete removal’ at 24 hours determined. 

The trait shows considerable variation, with a range of 38-100% removal. Because of the limited 
number of queens assessed, EBVs have not been calculated for this subset, but we can plot the 
relationship between ‘% complete removal’ and the EBVs for ‘Honey production’ for them. 
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Figure 5: % complete removal and EBVs for ‘Honey production’, subset of queens 

 

While this dataset (of % complete removal data) is too small to support any strong conclusions, it is 
heartening to observe that there is a weak positive relationship in this set of queens between their 
performance for the hygiene trait and their EBV for ‘Honey production’.  

A very cautious conclusion would be that selecting for increased honey production should not lead to 
any marked change in this hygiene behaviour. 

If the full set of queens in this line had been assessed for % complete removal, it would be 
straightforward to produce EBVs for this trait, in the same way as for ‘Honey production’ and the 
scored traits – again, taking account of the performance of relatives. 

 

2. Trial genotype analysis of sample data 
Samples of hives were collected from the Better Bees WA program, and from one line maintained by 
the Horners. These samples were then submitted to the Australian Genome Research Facility for 
processing. 

Detail of the sample collection method is included as an appendix (the protocols for sample collection 
were developed in consultation with researchers in NZ, and drawing on expertise from the lab of Prof. 
Ben Oldroyd at University of Sydney). The focus here is on the results obtained. 

The results obtained can be summarised: 

– Total number genotyped was limited by budget. 

– Before quality control (QC): 

o 144 honey bees were genotyped using genotyping-by-sequencing (GBS).  
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o There were 149,000 single-nucleotide polymorphisms (SNPs) for each individual 
(149,000 DNA locations per individual). 

– After quality control (QC): 

o 124 individuals were genotyped using genotyping-by-sequencing (GBS).  

o There were 11,000 single-nucleotide polymorphisms (SNPs) for each individual. 

The quality control (QC) steps focus on how confidently we can interpret the data for each individual 
DNA location. This is dependent on how well-mapped each location is, and how strong the signal is at 
each location for each individual. 

In the initial stages of applying this approach, there can be considerable wastage, i.e. exclusion of 
SNPs and individual. 

The data – genotypes of 11,000 SNP for 124 individuals – were then analysed to determine genetic 
similarity among the individuals. 

The number of individuals by source is shown here: 

 

Figure 6: Number of individuals by source for DNA analysis 

 

The strength of relationships between the different sources is shown over page: 
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Figure 7: Level of relatedness of sources 

 

The colour of each cell in the table indicates how closely related the sources are (the key is 
alongside): 

• The red circled cell is the relationship of the source ‘W1’ with itself – which is 1. 
• The green circled cell is the relationship between the source ‘W3’ with the source ‘W7’, with 

the relationship being moderate, at about 0.4. This indicates that there is some genetic 
relationship between the hives sampled at ‘W3’ and those sampled at ‘W7’. 

• The orange circled cell is the relationship between the source ‘W4’ and the source ‘Horner’, 
and this is much weaker – a genetic relationship of about 5-10%. 

It is very important to stress that these relationships say nothing about any characteristics of 
any of the sources – they describe the strength of genetic similarity or relatedness. 

We can focus in on the Western Australian sources: 
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Figure 8: Degree of relatedness among Western Australian sources 

 

This chart suggests that there are moderate genetic relationships among all the Western Australian 
sources – in the range 0.2 to 0.5. A value of 0.5 is equivalent to that among full-sibs, i.e. same father 
and mother. A value of 0.2 is just below that of half-sibs – individuals who share one parent in 
common. 

These results should be treated as indicative only – because only small numbers of samples per source 
were processed. At the same time, these results seem sensible: there is gene flow among the different 
breeder sources within Better Bees WA, and there has been limited gene flow (small numbers of 
queens) between BBWA colonies and Horner family colonies historically. 

The more important result of this trial is that it establishes a basis for wider-scale genotyping (reading 
the DNA to this level of SNP coverage): 

• Sampling is relatively straightforward, being based on either a small number of drones per 
hive, but can also be done on wing tip samples from queens, or on samples of workers 
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• The total cost per hive sampled is likely to be in the range $50-60, depending on volume. This 
includes the extraction of the DNA from the material, and then the actual reading (this price 
range is not significantly different from those observed in other species). 

As the number of samples genotyped increases, it is almost certain that the number of DNA locations 
per sample will increase dramatically, enabling greater precision of understanding genetic 
relationships, and also providing scope for analysis of whether particular DNA regions are having 
significant effects on particular traits. 

The key message for the honey bee breeders and beekeepers is that the platform has been established 
for reading the DNA of queens (and hives) – so that genotyping is a practical option for use in genetic 
improvement. 

How that might work is covered in the next section. 

 

3. A model for implementation of genetic evaluation and genomic 
selection in Australian honey bees 

Implementing genetic evaluation and genomic selection in industry 

This section outlines the basic elements of a genetic evaluation and genomic selection system for the 
industry, focusing on the basic principles and foundations. Actual implementation will require 
ongoing consultation across queen breeders and multipliers, honey producers, pollinators and R&D 
personnel. 

This section draws on experience with other species and the results presented above. In addition, a 
small number of key references have been summarised – chosen for the key points they illustrate in 
relation to an effective genetic evaluation and improvement system for honey bees, including in 
relation to use of genomic tools. 

Modelling implementation in the Australian honey bee industry 

The basic assumptions or parameters are: 

• In terms of genetic evaluation and improvement, the industry comprises the following main 
groups: 

o Queen breeders 
o Queen multipliers 
o Honey producers 
o Pollinators 

• Queen breeders are assumed to be individuals or enterprises who keep some level of 
performance records, and who select queens for their own use, and for potential sale to others. 

• Queen multipliers are assumed to be individuals or enterprises who obtain queens from queen 
breeders, and then multiply them up either for their own use or for sale of queens to others. 

• Honey producers are assumed to be individuals or enterprises who obtain queens from queen 
breeders or multipliers, and then produce honey from hives containing those queens. In 
practice, honey producers may retain some queens from their own hives themselves, with or 
without having recorded or observed performance of those hives. 

• Pollinators obtain queens (or hives) from queen breeders and/or queen multipliers, and use 
them for pollination services. 
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• For simplicity, queen breeders will be assumed to be the only individuals or enterprises taking 
performance records (this assumption will be relaxed in discussion further on). 

• Assume initial recorded population is 1,000 queens per year. To put this number into an 
industry context, the annual intake of new queens across industry is likely to be about 
250,000, assuming 500,000 hives and a queen life of two seasons. In turn, this estimate 
implies somewhere between 1,000 and 10,000 queen mothers – assuming between 25 and 250 
daughter queens per queen mother.  

• The cost of collecting pedigree and performance records will be assumed to be $50 per queen, 
and the cost of genotyping will be assumed to be $50 per sample. 

• An ongoing R&D and adoption overhead should be included: 
o Database and analysis: potential cost ~ $50,000 per year 
o Coordination, communication, training and extension (assume 2.5 FTE) ~ $250,000 

per year 

The key elements of a genetic evaluation and improvement system will be common whether or not 
genomics is included, but genomics adds cost and opportunity. The elements, with the genomics-
included option added, are: 

a) Recording of pedigree and performance on (initially) 1,000 queens: 
a. Genomic analysis of those 1,000 queens via hive drone samples. 

b) Analysis of pedigree and performance data to generate EBVs and Selection Index values on 
recorded queens: 

a. EBVs calculated incorporating genomic information. 

c) Queen breeders make selection decisions – to identify queens to be parents of the next 
generation of queens, and of drones. 

d) Queen multipliers and other purchasers choose queens, or alternatively daughters of queens, 
and use them either directly, or as parents of queens. 

What pedigree information is available affects what results can be generated – briefly explained in the 
following table (in each case, some performance information is assumed to have been collected on the 
same individuals, or on relatives) 
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Table 3: Five scenarios for implementation of genetic or genomic selection 

Scenario Pedigree information  What EBVs can be produced 
A Queen identity only, i.e. no 

pedigree. 
EBVs for performance traits, within the contemporary group. 

Daughters of each queen could get EBVs – simply as half 
the EBV of their parent queen. 

B Queen identity, plus identity 
of queen mother. 

EBVs for performance traits with more accuracy than without 
pedigree. Depending on pedigree links between 
contemporary groups, EBVs could be compared across 
linked groups. Pedigree linkage here means that some 
queens in different contemporary groups had the same 
queen mothers. 

Daughters of each queen could get EBVs – simply as half 
the EBV of their parent queen. 

C Queen identity, plus identity 
of queen mother, and of 
drone mothers. 

This could be achieved by 
keeping records of which 
queens contributed drones, 
or through use of AI. 

As for B, with some increase in accuracy of EBVs 

D Queen identity, plus DNA 
sample of the hive. 

This scenario also assumes 
genotyping and phenotyping 
of 500-1,000 hives per year 
across industry. These to be 
in suitable contemporary 
groups (i.e. larger than c. 
five hives in the one location 
over the same time period). 

As for C, with potential further increase in accuracy of EBVs. 

Assuming this scenario is applied to multiple contemporary 
groups, EBVs would be available for the queens of all 
contemporary groups, and their ancestors. 

Daughters of each queen could get EBVs: 
- Simply as the average of the EBVs of their parents (i.e. 

the queen, and the drone cloud to which she was mated 
– which gets its EBV as half the EBVs of the mothers of 
the drones). 

- If the daughters are themselves genotyped (i.e. via wing 
tip samples), then they would get EBVs that would be 
slightly more accurate than the average of their parents 

E Hive DNA sample only 
(either as queen sample, 
drone sample, or drones 
and workers). 

This scenario also assumes 
genotyping and phenotyping 
of 500-1,000 hives per year 
across industry. These to be 
in suitable contemporary 
groups (i.e. larger than c. 
five hives in the one location 
over the same time period). 

Each such sample would generate EBVs for that hive, 
drawing on the information collected in the reference 
population (the 500-1,000 hives phenotyped and genotyped 
each year). 

This could be applied via: 
- Multipliers or producers submitting samples for 

genotyping and getting EBVs, enabling them to choose 
from among their own stocks. 

- Queen breeders testing juvenile queens prior to offering 
them for sale – enabling more informed choice for 
buyers. 

 

For each scenario, we can estimate costs and potential returns, using the assumptions outlined above. 
These estimates are shown in Table 4.  It is very difficult to generate industry-wide estimates of 
benefit and cost for these scenarios, given that adoption rates have to be estimated, but a simple 
overview is shown in Table 5.
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Table 4: Estimated costs and potential returns for five scenarios 

Scenario Costs Potential returns Comments 
A: Queen identity only, within 
contemporary group EBVs. 

Less than $50 
per queen 

Genetic progress – less than 
1.75 kg honey per hive per year, 
or c. $10.50 per hive per year. 

This is essentially the present situation. Very little recording is 
completed, and very limited selection for any traits. 

Queen sales largely by reputation. 

B: Queen identity plus queen mother 
identity. 

$50 per queen Genetic progress – 1.75 kg 
honey per hive per year, or 
$10.50 per hive, is quite 
achievable. 

This involves providing an analysis service to queen breeders. 
The extent of uptake would be hard to predict, but this scenario 
potentially provides comparative information to the queen 
breeders participating and, subject to publication rules, 
information to buyers of queens from those breeders. 

Queen breeders could market queen daughters with EBVs 
based on the queens’ EBVs, and this should increase buyers’ 
confidence and willingness to pay for genetic superiority. 

C: Queen identity plus queen mother 
identity, plus drone mothers’ identities. 

Similar to B Similar to B. Little different to B, but with scope for improved management of 
inbreeding. 

D: Pedigree via DNA, assuming 
underpinned by genomic reference 
population. 

$100 per hive Potential to increase rate of 
genetic improvement very 
significantly (especially with use 
of AI) through combined effects 
of more accurate EBVs, EBVs 
being across sources, and 
capacity to manage inbreeding 
more precisely. 

Two benefits available from this scenario: 
- Faster genetic progress simply because of more accurate 

EBVs and better control of inbreeding. 
- Better choice for queen breeders and queen buyers, 

because EBVs are from whole recorded population. 

E: Hive sampling. 

This could be applied as multipliers or 
producers submitting samples for 
genotyping and getting EBVs. 

As noted above, it depends on the 
existence of the genomic reference 
population (500-1,000 queens genotyped 
and phenotyped per year). 

$50 per hive Potential to lift commercial 
production via selection of 
genuinely genetically superior 
queens and queen mothers (the 
latter for multiplication. 

Depending on multiplication rates from queen breeders to honey 
producers and pollinators, this scenario could lift the average 
merit of commercial hives by up to 4-5 kg honey (or pollination 
activity equivalent) – basically by ensuring that the mothers of 
commercial queens are drawn from the top one-third to one-
quarter of evaluated queens each year. 
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Table 5: Adoption across five scenarios 

Scenario Assumed adoption Estimated costs and returns Comment 
A 1,000-2,000 queens 

recorded per year. 
$50,000-100,000 recording costs at most – 
assume $33,000 total for 1,000 hives. 

Estimate value of progress at $10 per hive 
per year (this is optimistic) – over a 10-year 
period this would generate $550 extra value 
of honey per hive recorded per year. Net 
result depends on the rate of progress 
achieved, and on the costs of data handling 
and analysis, if this is incurred. 

Very slow and limited dissemination from a very limited number of queen 
breeders adopting the program. 

Estimated rate of progress likely does not cover or only barely covers estimated 
recording costs annually, but a few breeders are persisting with this approach, 
so these breeders are presumably covering their recording costs from: 
- Sales of honey. 
- Whatever queen sales they make. 

B As for A. As for A, but with more confidence in 
achieving that rate of progress. 

Adoption may be somewhat faster, reflecting more reliable EBVs and better 
scope for managing inbreeding. 

The availability of better information could underpin stronger demand for 
queens – which could be daughters of queens with EBVs. In this situation, 
overall industry outcomes could improve faster than under scenario A. 

C Likely similar to A 
and B. 

Likely similar to A and B. Likely similar to A and B. 

D Likely similar to A, B 
and C – generating a 
genomic reference 
population. 

Cost of genomic reference population in the 
range $100,000-200,000 per year, or $100 
per hive per year. 

Scope to increase rate of genetic progress 
by potentially up to 4x. 

If we assume rate of progress is increased 
by 10% to $11.55 per year, then the 10-year 
return per hive in the reference population 
on an annual basis becomes $63.53.  

In terms of direct return from honey production to the queen breeders who 
comprise the genomic reference population, this scenario does not break even. 
However, the scope for higher value of queen sales is enhanced because 
daughters of the actual reference population queens would have objectively 
verified higher genetic merit, and this would increase more rapidly over time. 

The break-even extra value of queen sales is c. $36 per reference population 
queen – so that if daughters of reference population queens can be sold for a 
$36 margin, only one needs to be sold per reference population queen. This 
does not seem a high hurdle to jump. (Models for pricing queens are outside the 
scope of this project, but information on current pricing for queens from 
reputable breeders suggests that achieving this margin would not be difficult.) 

An additional possible benefit is that multiplier and commercial queens can be 
selected from the genetically superior queens in the reference population, 
resulting in a lift in the genetic merit and hence performance of hives used in 
pollination and/or honey production. 
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E Adoption in the 
reference population 
assumed at 1,000-
2,000 queens per 
year. 

Adoption in the 
multiplier and 
producer sector 
estimated at 10,000 
queens per year. 

Cost of genomic reference population in the 
range $100,000-200,000 per year, or $100 
per hive per year. 

Scope to increase rate of genetic progress 
by potentially up to 4x. 

Cost of genotyping at the multiplier and 
producer level – $50 per hive, or $500,000. 
Benefit is that these queens could be in the 
top 20% on merit – a lift of 2 kg per hive – 
total benefit $20,000 per year. 

This scenario extends D by investing in genotyping to provide more detailed 
genetic information on queens used in multiplication and/or honey production. 

Depending on when this additional genotyping is done, it would provide 
multipliers and honey producers with additional scope to select among queens 
generated in the genomic reference population – enabling a larger increase in 
the merit of the commercial population. 
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Modelling industry costs and benefits 

The scenario descriptions above cover a range of possible implementations, with a wide range of 
possible outcomes. The value in providing these descriptions is to provide some insight into the 
factors being considered and affecting outcomes. 

We can simplify the wide range of possible combinations of factors to produce a general overview, 
with the following core assumptions: 

• The recorded sector of the population is assumed to be 2,000 queens per year. 
• Selection using EBVs (without genomics) can achieve genetic progress at 1.75kg honey per 

hive per year, or $10.50 per hive per year. Using genomics in the genomic reference 
population can increase this by 10% to 1.925 kg honey per hive per year, or $11.55 per hive 
per year. 

• Recording for simple EBVs (without genomics) costs $50 per hive in the recorded sector. 
• Recording for genomic EBVs (with genomics) costs $100 per hive in the recorded sector. 
• R&D and extension overheads, including data handling and analysis, cost $250,000 per year 
• Multiplier and commercial queens are bred from the top 20% of queens in the recorded sector 

(or the genomic reference population), and express their genetic merit, which is half that of 
their mother queen, two years after the evaluation of the mother. 

• The multiplier or commercial sector is assumed to be either 10,000 queens, or 50,000 queens. 
• Benefits are modelled solely in terms of honey production, with honey priced at $6 per kg. No 

consideration is given in this modelling to benefits from selection for temperament, hygienic 
behaviour or pollination activity. Recording for these traits could be included in the recording 
costs modelled here. Selection can certainly make improvements in these areas, and these 
improvements would be valuable – accordingly, the estimates of returns shown here almost 
certainly underestimate the potential benefits of implementing genomic selection. 

This simple graphic shows the basic structure being modelled. 

 
 

 

 

  

 

 

 

 
 
 
 
 
Figure 9: Model of reference population and industry 

  

Multiplier and commercial sector: 

- 10,000 or 50,000 queens per year 
- Obtains queens from recorded population – bred 

from top 20% of queens in recorded population 
- Two options re investment in genotyping (no or yes) 

Recorded population 

- 2,000 queens per year 
- May use simple EBVs or genomic EBVs 
- Selection is from top 20% of queens 

Gene flow 
via queens 
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Results are shown for cost and profit per hive, including all recorded sector and multiplier/commercial 
hives, over a 10-year period. 

Table 6: Results for cost and profit per hive 

Genomics 
used in the 
recorded 
sector? 

Genomics 
used in the 
multiplier or 
commercial 
sector? 

RD&E costs 
included? 

Multiplier and 
commercial sector:  
10,000 queens per year 

Multiplier and 
commercial sector:  
50,000 queens per year 

Cost per 
hive 

Profit per 
hive 

Cost per 
hive 

Profit per 
hive 

Yes No Yes $37.50 $36.00 $8.65 $67.27 
Yes Yes Yes $79.17 -$5.67 $56.73 $19.19 
No No Yes $29.17 $37.65 $6.73 $62.29 

 
The key messages from this analysis of potential costs and benefits are: 
 

1. Costs and profits have been presented as per hive per year, over 10 years; the total costs over 
10 years are divided over the total number of hives in the recorded population plus the 
multiplier and commercial population over the 10 years. Similarly with the profit estimates. 

2. Investing in a data handling and analysis system to support the recorded population can be 
profitable, as long as it enables achievement of the rate of genetic progress modelled here 
(1.75 kg honey per hive per year). 

It should be acknowledged that a scenario without such a system has not been evaluated – 
primarily because it is very hard to define a reasonable estimate of the rate of genetic progress 
that is actually being achieved now. 

3. The profit from investing in such a data handling and analysis system depends on the scale 
over which the genetic progress is disseminated and harvested.  

At a multiplier and commercial uptake of 10,000 queens per year (bred from the top 20% of 
queens in the recorded population), the profit over 10 years is $37.65 per queen evaluated. 

At a multiplier and commercial uptake of 50,000 queens per year (bred from the top 20% of 
queens in the recorded population), the profit over 10 years is $62.29 per queen evaluated. 

4. Investing in genomics for the recorded population increases profit from $62.29 to $67.27 per 
hive at 50,000 queens. However, at 10,000 queens in the multiplier and commercial sector, 
investing in genomics in the recorded population slightly reduces profit compared with the 
without genomics option – from $37.65 per hive to $36.00 per hive. 

Investing in genomics in the recorded population can be profitable under quite conservative 
assumptions regarding increase in rate of genetic progress, but whether it increases profit or 
not depends on the scale of the multiplier and commercial sector (the break-even point is only 
just above 10,000 queens in that sector). 

5. Investing in genomics for the multiplier or commercial sector (in addition to investing in 
genomics in the recorded population) can be profitable at larger scales, but is less profitable 
than simply investing in genomics in the recorded population. 

This result warrants discussion. As modelled here, no additional selection among queens used 
as mothers in multiplication or simply in commercial production has been included. However, 
particularly at larger scales and where a further multiplication step is undertaken, achieving a 
further lift in genetic merit, and hence honey production, does not have to be very large to 
achieve similar levels of profit to the simpler model for use of genomics. For example, 
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assuming a second multiplication of 100 queens per queen mother, and honey at the price 
modelled here, the second-stage selection of queen mothers would only have to achieve a 
very small lift in merit to generate the additional income required. 

6. It is important to carefully examine the investment in genomics. This investment generates 
the potential for faster genetic progress with precise control of inbreeding, in the recorded 
population. This potential benefit has been modelled very conservatively, as a 10% increase 
in rate of progress. Theoretical results reported by Brascamp et al (2016) suggest that very 
much larger improvement in the rate of progress is possible. The second potential benefit 
offered by investing in genomics in the recorded population is much more precise choice 
among queens bred in the recorded population for use in multiplication and/or in honey 
production. Particularly in selecting queens to be multiplied, this increased precision can yield 
benefits that have not been modelled here at all. 

The other benefit created by investing in genomics in the recorded population is that any 
individual or business with hives, whether for honey production or pollination (or both), can 
very simply obtain an EBV for their hives by collecting the appropriate samples (queen wing 
tip or drone samples) and submitting them for genotyping and analysis. The EBV(s) will be 
for whatever traits are recorded in the genomic reference population (i.e. the recorded 
population with genomics applied) – and those EBVs will be comparable with the entire 
population. So, any individual beekeeper, whether large or small, will be able to get an 
accurate assessment of their hive(s) for the recorded traits, and see how they compare with the 
entire recorded and evaluated population. As well as getting useful EBVs, they will also get a 
precise measure of the relationship of their queen(s) with all other queens that have been 
genotyped. Both the EBVs and the relationship information will help in making decisions 
about queen retention and purchase. 

7. A final potential benefit of investment into genomics is that it will create a stronger platform 
for responding to Varroa incursion. This potential benefit has not been modelled here, but is 
due to the capacity for faster genetic response resulting from more precise knowledge of the 
genetic make-up of the Australian honey bee population, and the ability to leverage 
investment in recording hygiene traits, potentially including survival in the presence of 
Varroa (if it is actually present). This leveraging – finding resistant genetics from across the 
population, and using them as parents to rapidly breed resistant stocks, is significantly 
enhanced with the use of genomic information. 

8. Precise details of the business model for implementation of genomic selection methods 
should be developed through wide industry consultation, but it is important to note here that a 
simple implementation system based on the scenarios modelled here could be funded by 
marginal costs per queen in the range $6-40 per queen evaluated. Even at the more intensive 
level, where multiplier and commercial queens are genotyped, the overall marginal cost per 
queen evaluated would still be below c. $80. The results discussed under scenarios C and D 
above suggest that industry return on investment can be substantially positive under realistic 
assumptions. 

 

In summary 

• Investing in data handling and analysis, complementing careful recording in a relatively small 
recorded sector of the population, is very likely to be profitable at an industry level. 

• Additional investment in genomic information on the recorded population is very likely to be 
profitable at the scales of dissemination and multiplication modelled here. (This is before 
including any economic benefits from genetic improvement for temperament, disease 
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resistance and pollination activity, all of which are possible and could be achieved within the 
levels of investment modelled here.) 

• Such additional investment creates opportunities for considerably larger and more widely 
distributed benefits than have been modelled. 

This is the central message in relation to implementation of genomic technologies 
for genetic improvement in the Australian honey bee population: The reference 
population creates a hub, or ‘library’, that everyone can use, and which anyone 

who is prepared to record c. five hives and genotype them can contribute to. It’s a 
very simple, powerful, open and cost-effective platform for the whole industry. 

 

4. Extension materials 
The following extension articles and videos were peer-reviewed and published on the NSW DPI-
funded ExtensionAUS: Professional Beekeepers website and related social media accounts. Articles, 
videos and diagrams were created to explain standardised selection methods, bee breeding program 
merit, and genetic improvement as a necessity to counter cost-price squeeze:  

Genetic Improvement Program imperatives: https://extensionaus.com.au/professionalbeekeepers/plan-
bee-national-honey-bee-genetic-improvement-program/ 

Hygienic behaviour testing: https://extensionaus.com.au/professionalbeekeepers/hygienic-behaviour/ 

Review of the AgriFutures Australia project Genetic evaluation of Australian honey bees: 
https://extensionaus.com.au/professionalbeekeepers/genetic-evaluation-of-australian-honey-bees/ 

Varroa-sensitive hygiene trait: https://extensionaus.com.au/professionalbeekeepers/what-is-vsh-
varroa-sensitive-hygiene-trait/ 

Breeding to counter cost-price squeeze: https://extensionaus.com.au/professionalbeekeepers/why-we-
need-to-breed-better-bees/ 

The second edition of NSW DPI publication AgGuide: Queen Bee Breeding published in July 2020 
(via https://www.tocal.nsw.edu.au/courses/bees/queen-bee-breeding and 
https://www.tocal.nsw.edu.au/courses/bees/artificial-insemination-of-bees).  

Time allocated to creation of the above extension materials was not costed to this AgriFutures 
Australia project.  
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Implications 
The implications of the report are relevant to all key stakeholder groups – industry, communities and 
policy makers. The implications are: 
 

• Subject to the collection of suitable pedigree and performance data, estimated breeding values 
(EBVs) for a variety of traits can be produced for honey bee breeding. EBVs will make 
selection of superior queens more accurate, and hence enable faster and more valuable genetic 
improvement. 

• Genomic tools (i.e. based on reading the DNA of queens, or genotyping) are available at  
practical cost and can enhance the effectiveness of genetic improvement. 

• Selection can be applied to production, health and temperament traits (and potentially others), 
and valuable genetic improvement achieved. 

 
• Careful economic modelling shows that industry-scale recording and selection, including 

genomic technologies, can be profitable under realistic scenarios, delivering economic 
benefits to beekeepers, pollinators, queen breeders and the honey bee industry. The scale of 
benefits will depend on the level of uptake, i.e. how many hives derive from genetically 
superior queens. Profits per hive per year in the range $20-65, based solely on genetic 
improvement of honey production, are achievable. At modest adoption across industry (20% 
of new hives per year), that equates to an additional $1m-$3m per year benefit to industry 
(this is after the costs modelled for implementation). 

• Queen breeders and honey producers can participate in implementing genetic improvement by 
careful performance recording and either pedigree or DNA recording. 

• The key requirements for effective genetic and genomic selection, including trait definitions 
and the core of a genomic reference population, have been incorporated into the Rural 
Research and Development for Profit Project, Plan Bee. Results presented in this report 
indicate that Plan Bee can be a catalyst for significant increases in implementation and impact 
of modern genetic and genomic methods to the benefit of all stakeholders in the Australian 
honey bee industry. 

• Industry implementation can be highly inclusive – open to queen breeders, multipliers, 
pollinators and honey producers. The use of genomic methods in this context can be a catalyst 
for very rapid and wide uptake because the requirements are either in place or very simple to 
implement. Further, the inclusiveness can help industry ensure adaption to different 
production regions and uses of honey bees, and assist in spreading and minimising the risk of 
insufficient data recording, and of localised or widespread disease challenges. 

 
• Genomic methods provide the opportunity for a step-change in the honey and pollination 

industries. The key to this step-change is the ability to convert a focused investment in 
recording and data analysis into very wide industry impact, making the most of the recording 
of production, pollination, health and temperament traits. Achieving the step-change will 
require coordination – different sectors working together – and sustained management and 
investment, similar to that in place in other livestock industries. 

• This step-change can dramatically improve the viability, sustainability and profitability of the 
honey bee-based industries in Australia, in the same way that other livestock industries in this 
country have been transformed by genetic improvement. 

The opportunity should be grasped – industry working together to achieve this goal. 



 

26 

Recommendations 
These recommendations are relevant to all stakeholders of genetic improvement of the Australian 
honey bee industry. 
 
The basic principles outlined in this report, together with the pilot EBV and DNA analyses and the 
model for industry-wide implementation, provide a strong case that there is value in progressing 
industry-wide implementation. 

The model for industry-scale recording and selection should be progressed. This will involve the 
following elements:  

• Standardised trait definitions and recording protocols. 
• Database capable of receiving and storing pedigree, performance and genotype data.  
• Analysis tools (in place). 
• A nucleus or core of recorded and genotyped queens.  
• A strong communications program aimed at encouraging four main activities: 

o Recording of key traits in colonies maintaining at least five hives. 
o Submitting of hive samples for genomic testing, to establish relationship with the national 

genomic reference population and the genetic merit of the hive (and hence queen) 
sampled. 

o Selection within the genomic reference to generate rapid genetic progress for important 
traits. 

o Widespread use of AI from elite genetic material to disseminate the genetic progress 
being made. 

• Development of an industry governance model, including mechanism for sustained funding, 
and a business model for participation. 

 
Industry should use the Plan Bee project as the focus for: 

• Developing co-investment to sustain the model beyond the current R&D project. 
• Encouraging participation by queen breeders and honey producers, who can contribute vital 

trait data and pedigree and/or DNA data. 
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Appendices 
1. Introduction to basic principles 

2. EBVs for scored and production traits – Horner family data, line C, 2018-19 

3.  Correlations between EBVs for scored and production traits – Horner family data, line C, 
2018-19 

4. EBVs for ‘Honey production’ – Horner family data, line C, 2019-20 

5. Basic principles: Reading the DNA; Sampling protocols for DNA analysis; Protocol for 
hygienic testing – freeze-killed brood 

6. Example extension materials 

7. The rationale for coordinated investment 

8. Background re industry challenges and comparisons with other livestock industry genetic 
evaluation systems 
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1. Introduction to basic principles 
This section outlines the basic principles of estimating genetic merit, resulting in estimated breeding 
values (EBVs) for individuals, and then extends into introduction of how EBVs can be used, and how 
DNA information can enhance the EBVs. 

It is broken into subsections: 

a) Basic principles of breeding values, including explanation of how different types and amounts 
of information can be used in calculating breeding values, and the effect of using different 
information. 

b) Using EBVs in selection: 
i. Comparing queens from different breeders. 

ii. Preventing inbreeding. 

c) What to breed for? 

d) Using DNA information to calculate EBVs and manage inbreeding. 

 

Basic principles of breeding values 

When we observe the performance of a hive (colony) for some trait, we are observing the combined 
effects of the genetics of the bees in that colony, the environment in which the colony is located and 
has developed, and how the genetics of the bees interact with that environment. 

This is written simply as: 

P = G + E 

Where: 

P = the phenotype of the colony, which we can observe or measure. 

G = the genetics of the colony, which we cannot directly observe or measure. 

E = the effect of the environment in which that colony has developed and lives. 

 

If we have a number of colonies, and can choose among them a subset or selection to use as parents of 
the next generation, we have the opportunity to potentially select those that have better genetics than 
the average of their generation. If we can achieve this, the next generation will have better genetic 
make-up, and we will have made genetic improvement (or progress). 

The challenge is that we cannot directly observe the genetics of the colonies – we can only observe 
their phenotypes. The phenotypes may include the weight of honey produced in a season, the 
temperaments of the bees, the nature and extent of hygienic behaviours, or other traits. 

For our selection of the parents of the next generation to result in genetic improvement, we need to go 
beyond the phenotype, to the genotype. 

In the simplest case, where the information we have is simply the phenotypes of the individual 
colonies, this step involves taking account of the extent to which differences in phenotypes are on 
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average based on differences in the underlying genetics – this extent is known as the heritability of the 
trait (symbolised by h2). 

In this case, the calculation of breeding values is simple: 

Breeding value of colony i = (Phenotype of colony i – average phenotype of measured colonies) x h2 

We can illustrate this with a simple example of five measured colonies, the trait is weight of honey 
produced in season, and the heritability of weight of honey is 25%. The colonies have been observed 
(i.e. recorded) in the same location over the same period – meaning that they have been exposed to the 
same environment, to the extent that we can determine that. 

 

Table 7: Five measured colonies (example) 

Colony Weight of honey produced 
in one season (kg) 

Difference from average 
across the five colonies (kg) 

Breeding value = 
Difference x h2 (kg) 

A 55 5.4 1.35 
B 47 -2.6 -0.65 
C 51 1.4 0.35 
D 46 -3.6 -0.90 
E 49 -0.6 -0.15 
Average 49.6 0 0 

 

We can observe several important messages in these example results: 

1) The breeding values are expressed in kg, i.e. the units of production. The breeding values 
describe the genetic value of each colony, compared with the average, so that colony A is 
estimated to have genes that are worth an extra 1.35 kg of honey produced in a season. 

2) The average of the breeding values is 0 – because the breeding values describe genetic 
differences from the average of the colonies that we have records for, and the average of all 
the differences is 0. 

3) It is usual to describe the breeding values as estimated breeding values (or EBVs) – because 
they are an estimate of the value of the genes of each colony; we have not directly measured 
the genes themselves.  

Having calculated the EBVs for these example colonies, we can make two further steps: 

4) Firstly, we can work out what will happen if we select among these five to parent the next 
generation. 
 
The colony with the highest EBV in this example is A, with an EBV of +1.35 kg honey. 
 
If we used colony A to parent the next generation, by breeding queens from this colony, those 
queens would receive half their genes from the parent (the queen in colony A), and so the 
average value of the genes of the next generation would be 
 

+1.35 x 0.5 = +0.675 kg 

The next generation bred from this selection would be expected to produce 0.675 kg more 
honey in a season than the average of the parent generation – the five colonies we measured 
and from which we selected a parent. 
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This is a very important property of EBVs – we can use them to calculate the expected 
outcome of selection, or of particular matings. To explain this last point, if we know the 
genetic merit of the colonies from which the drones used to mate with the daughters of colony 
A are derived, we can predict the merit of the next generation with more precision. 

If the drone mothers’ average EBV was +1 kg for weight of honey, then the EBV of the 
drones is +1 x 0.5 = +0.5 kg (because drones, which are haploid, get all their genes from their 
mother, but only get a half-sample of her genes), and the expected merit of the next 
generation is: 

Colony A EBV Drones’ EBV Progeny EBV 
+0.675 kg +0.5 kg = 1/2 (+0.675 + +0.5) 

= +0.5875 kg 

 

5) Secondly, we can note that in this simplest case, the ranking of the colonies on EBV is 
identical to their ranking on observed phenotype – which can be shown graphically: 

 

Figure 10: Ranking of colonies on EBV and phenotype 

 

The chart shows that the EBVs are lined up exactly with the phenotypes – we have not added 
any extra information compared to simply ranking the colonies on their phenotypes. 

What if we have some additional information?  

Remembering that we are trying to determine the value of the genes of each colony, if we 
have information on other colonies that share some genes in common, we can combine that 
information from relatives with the information on an individual queen to get a more accurate 
estimate of the genes of each queen. 
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We can extend the example, to include the average performance of five half-sibling (half-sib) 
colonies (colonies that share the same queen mother) for each of the initial five. Knowing that 
these extra colonies are half-sibs, and knowing how their performance compares with the 
average of the colonies measured in the same location at the same time, we can add this 
information to our calculation of the EBVs: 

Table 8: Average performance of five half-sibling colonies 

Colony Weight of honey 
produced in one 

season (kg) 

Difference from 
average across 
the five colonies 

(kg) 

Average 
difference for five 
half-sib colonies 

(kg) 

Breeding value – 
combining own 

and half-sibs data 
(kg) 

A 55 5.4 1.35 1.33 
B 47 -2.6 -0.65 -0.52 
C 51 1.4 0.35 0.52 
D 46 -3.6 -0.90 -1.14 
E 49 -0.6 -0.15 -0.33 
Average 49.6 0 0 0 

 

Now we have added information from half-sib relatives, and the EBVs for the five colonies have 
changed – the EBV for A has changed from +1.35 kg to +1.33 kg. 

We can show this effect graphically – by adding the updated EBVs to the same chart: 

 

Figure 11: Half-sib EBVs for five colonies versus phenotypes 

 

Now, the EBVs of the five colonies do not line up exactly with their own phenotype – they are no 
longer on that line. The extra information from their half-sibs is telling us more about the genes of the 
five colonies. 

In this simple example, the extra information does not change the ranking of the colonies – A still has 
the highest EBV. 
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But we have a more accurate picture of the value of the genes of the five colonies – in this case, the 
EBVs are now 7% more accurate in terms of how well they describe the value of the genes of each 
colony (the calculation of the accuracy of EBVs is more technical and not included in this report). 

If we have more information from relatives, the EBV of our five colonies will change more, and the 
accuracy will increase – this table shows the accuracy of the EBVs when we have zero, five, 10, 15, 
20 and 25 half-sibs of each individual.  

The accuracy of EBVs can range 0-100% – 0% is equivalent to tossing a coin in terms of choosing the 
best individuals, while 100% is the same as reading the precise value of all the genes. 

 Number of recorded half-sibs 
 0 5 10 15 20 25 

Accuracy of EBVs 50% 53.5% 55.5% 56.8% 57.7% 58.4% 
 

Key points: 

• Breeding values describe the value of the genes of an individual. 

• Breeding values are usually expressed in the units of the trait – such as kg of honey produced 
per season. 

• Breeding values are usually called estimated breeding values (EBVs) because they are 
estimates of the value of the genes – not precise measures of that value. 

• Breeding values are calculated based on information available on the individuals, which can 
include: 

o Individuals’ own performance. 
o The performance of relatives. 

• The base unit of comparison that contributes to calculation of EBVs is the performance or 
score of a number of hives that have been in the same location at the same time – often 
referred to as a contemporary group. 

• Breeding values can be used to estimate the value of particular matings, or of selection 
decisions. 

• How well breeding values describe the value of the genes – which is termed the accuracy of 
the EBVs – reflects the amount of information that has been used in calculating them. 
Breeding values calculated from data on individuals and their relatives will be more accurate 
than those calculated using only the individuals’ own information. 

 

Using EBVs in selection 

Comparing queens from different breeders 

As explained above, the core unit of comparison used in calculating EBVs is a group of hives that 
have been in the same location at the same time – referred to as a contemporary group. The principle 
here is that these hives have been exposed to similar conditions – weather, access to food sources, 
pests and diseases. Accordingly, when we compare their performance, we anticipate less difference in 
the effects of environment (weather, food sources, etc) than if the hives had been in different locations 
and at different times. 
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And as explained above, if we know the pedigree of the queens in the hives that have been in the same 
location at the same time, we can use that knowledge to get a more accurate picture of the genes of 
each queen – the EBVs. 

However, we cannot make any meaningful assessment of how the genes of this set of queens compare 
with those of queens in hives in some other location and time. To illustrate this point, imagine that we 
have two groups of hives, in two locations (and perhaps at different times): 

 

 

 

 

 

 

 

 

 

 

Figure 12: Hives in two locations (example) 

 

In this situation, we can make comparisons among queens A to E, and among queens L to P, but we 
cannot compare queen A with queen L, for example – because they have performed (i.e. their hives 
have performed) in different places, under different conditions. 

When we have pedigree information, and particularly in the case when we have DNA information, we 
can overcome this limitation. 

This is done by accounting for the fact that related individuals share genes in common, and if we 
know that, we can use those common genes to ‘benchmark’ – or connect – different contemporary 
groups. 

To illustrate this, we will make the extreme simplifying assumption that there is a queen in common 
between the two groups – queen C and queen N are the same individual. This could be achieved if the 
same hive was kept across two or more production seasons, but was in location with different sets of 
contemporaries. More generally, we look for the proportions of genes in common among the queens 
in the same and different locations. 

When we have a link or benchmark – queen C in this case – we can use that as the common reference 
point. 

Location 1: 

Queen C 

Queen D 

Queen B 

Queen A 

Queen E 

Location 2: 

 

 

Queen L 

Queen M 

Queen N 

Queen O 

Queen P 
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Table 9: Queen C as the common reference point 

Location Queen Weight 
of honey 

(kg) 

Difference 
from 

reference 
(kg) 

Location Queen Weight 
of honey 

(kg) 

Difference 
from 

reference 
(kg) 

1 A 45 -4 2 L 58 +3 
1 B 55 +6 2 M 52 -3 
1 C 49 0 2 N (=C) 55 0 
1 D 57 +8 2 O 46 -9 
1 E 42 -7 2 P 49 -6 

 

Firstly, note that the common (or reference, or link) queen – C or N – has performed differently in the 
two locations, producing more honey in location 2. 

Secondly, if we look which queen has produced the most honey, it is queen L, which produced 58 kg 
honey in location 2. 

However, if we examine how each queen compares with the common (or reference) queen, we see 
that queen D in location 1 produced 8 kg more honey that queen C in location 1, whereas queen L 
produced only 3 kg more honey than queen N (i.e. C) in location 2. 

So in this very simple example, the queen with the best genes for honey production, from the nine that 
we have data on, is queen D. 

In practical situations, we are not often likely to have instances where the same queen has been used 
at different times and/or locations in this way. But if we know the relationships among queens, and if 
possible among the drone sets the queens have been mated to, we can determine which genes are in 
common within and across locations and times, and so make a genetic comparison of all the queens 
on which we have data. 

In doing this, it is important to have consistent recording protocols, and to take account of factors like 
length of production season. 

Preventing inbreeding 

In the section above on EBVs for the queens and queen mothers estimated from data supplied by the 
Horners, the point was made that when we use information from relatives in the calculations, two 
things happen: 

• The EBVs become more accurate – they are a better guide to the genes of each queen. 
• The EBVs of related individuals become more similar – how strongly this happens depends 

on how many recorded relatives each individual has. 

Because of these two facts, if we use EBVs calculated including relatives’ information to select the 
best queens to be mothers of the next generation, we will be more likely to select related individuals 
(than if we only use individual queens’ own information). 

Accordingly, if we select on EBVs calculated including relatives’ information, we run the risk of 
causing more inbreeding – because the parents of the next generation will be more related than 
otherwise. 
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There are multiple ways to manage this risk – the general principles are: 

• Select queens with a fixed limit on the number of daughters of any one queen mother. 
• Select queens with a variable limit on the number of daughters on any one queen mother (so 

that the best queen mothers contribute more daughters to the next generation. 

These principles, which focus on the queen side of the breeding equation, can be complemented by 
selecting drones, or drone clouds, from unrelated queens. 

The application of these principles can be illustrated by a simple graphic. Here we have 10 sets of five 
queens, each set having the same queen mother. Queens to be mothers of the next generation will be 
chosen from the three best families, and queens to be drone mothers for the matings to make the next 
generation will be chosen from the three next-best families. 

 

Table 10: Queen families and selection (example) 

Queen families and  
individual queens 

 Queens selected to 
be queen mothers 

Queens selected to 
be drone mothers 

A1 A2 A3 A4 A5  A2, A4, A5  
B1 B2 B3 B4 B5    
C1 C2 C3 C4 C5  C1, C3, C4  
D1 D2 D3 D4 D5    
E1 E2 E3 E4 E5    
F1 F2 F3 F4 F5   F1, F3, F4, F5 
G1 G2 G3 G4 G5   G2, G4, G5 
H1 H2 H3 H4 H5    
I1 I2 I3 I4 I5  I2, I3, I4, I5  
J1 J2 J3 J4 J5   J1, J2, J4 

 

In this example, three families have been chosen to contribute queen mothers, and the best queens 
from those three families have been selected. An additional three families have been chosen to 
provide drones. A total of 10 queens have been chosen to be queen mothers, and a further, different 10 
have been selected to be drone mothers. 

In this example, the parents of the next generation have been selected from the best six families out of 
10, and 20 queens have been selected to contribute their genes to the next generation, from a total of 
50. 

This is a simple illustration of an approach to achieving genetic progress, by selecting the better 
queens to contribute their genes to the next generation, but balancing that with minimising the mating 
of close relatives – or inbreeding. 

In this example, if we assume that the A family has the best average genetic merit (as measured by 
EBVs), an alternative would be to select all the A family to be both queen and drone mothers. 
Depending on the spread of EBVs within and across the 10 families, this would almost certainly 
achieve more genetic progress – the selected queens would be much more superior in genetic merit to 
the overall average of the 50 than in the approach outlined above, but all the genes of the next 
generation would be coming from one original queen mother family. 
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Sophisticated tools are available that can assist with balancing selection of the best with minimising 
inbreeding. These tools require knowledge of pedigrees, which can be obtained simply by recording 
matings, or via use of DNA. 

Even with these sophisticated tools, the principles remain as outlined in the example above – finding a 
balance point between selecting the best and mating them to each other, with selecting with some 
consideration given to the relationships (the family structure), and then making matings that avoid 
bringing close relatives together. 

Key points 

• EBVs for ‘Honey production’ and for a variety of scored traits have been calculated from 
datasets provided by the Horner family. 

• Data was collected on removal of freeze-killed brood cells, as a measure of hygienic 
behaviour, and results for a subset of queens compared with their EBVs for ‘Honey 
production’.  

• While these data sets are too small to make strong conclusions on the genetic relationships 
between honey production, scored traits, and hygienic behaviour, there is no clear evidence of 
unfavourable relationships. 

• The effects of using information from relatives – in this case, half-sib queens – in the 
calculation of EBVs for ‘Honey production’ is illustrated and explained. 

• The basic principles for making genetic comparisons of queens across time and location are 
explained. 

• Simple principles for balancing selection to make genetic progress, and minimising 
inbreeding, are explained. 

 

What to breed for? 

This is the fundamental question facing all breeders, whether of animals or plants. In the simplest 
situation, where there is only one attribute or trait of importance, selection should be for that attribute 
or trait. 

In practice, there will usually be a number of traits that we either want to improve or maintain. The 
selection of individuals to be parents of the next generation needs to take this into account, and 
usually will involve addressing with the situation where some or all the possible parents are 
genetically superior for one or more traits, but not so superior for others. 

The theory and practice of genetic improvement has established a variety of techniques for achieving 
the best balance of selection on different traits. For this section, we will make simple and practical 
suggestions that would be quite safe and effective to implement. 

Firstly, the traits or trait groups that are likely to be important are: 

• Honey production 
• Temperament 
• Disease resistance 
• Pollination activity 

This simple list is not intended to suggest that there are no other traits that can be assessed and 
evaluated, and/or are important – but starting with focus on these is very unlikely to take breeding in 
an inappropriate direction. Also, these traits could be thought of as trait groups, and include other 
useful traits – for example, brood weight going into winter might be usefully associated with honey 
production. 
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This list is also not intended to imply how the traits are assessed. Honey production could, for 
example, be scored on a simple 1-5 scale (1 = light, 5 = heavy) or be measured in kg. 

Further, it is quite likely that there are genetic relationships between these traits – as was described 
above, there appears to be a positive relationship between honey production and temperament, and 
possibly a weak positive relationship between honey production and one measure of disease resistance 
(hygienic behaviour). It is also possible that pollination activity and honey production are related – 
potentially strongly (there are no estimates of this relationship in the literature, but it seems 
biologically plausible that hives with more active workers could produce more honey). 

Each of these considerations can all be developed and built into a much more detailed breeding goal, 
and it is likely that will occur as data is collected and compiled from queen breeders and others, and 
as results accumulate on the performance of queens for a variety of traits. 

However, as a starting point, we’ll assume that honey production, temperament and disease resistance 
are the key traits, that we can collect data on them, and that (for the moment) pollination activity and 
honey production are positively related. 

If we then have some number of potential parent queens (i.e. queens from which we will choose a 
subset to be parents of the next generation), each with EBVs for the three traits, the last question is 
about how to use or combine the information for each trait to determine an overall measure of merit. 

A considerable body of technical literature exists around this question, but this can be summed up as 
follows: 

• Where we have clear evidence of the relative importance of different traits, we should use that 
to weight the EBVs for the different traits, to combine them into an overall measure of genetic 
merit (usually referred to as a Selection Index). 

• Where we don’t have clear evidence on the relative importance of the different traits, a simple 
approach is to combine the traits with equal weight given to each. 

These two approaches are illustrated in this example: 

• For the different importance example, assume that the ratio of importance is honey production 
10, temperament 2, and disease resistance 4 

• Assume we have five queens, of which we will select two to be parents. Each queen has 
EBVs for the three traits 
 

Table 11: Combining EBVs from different traits 

 EBV for Overall merit = Selection Index 

Queen 
Honey 

production Temperament 
Disease 

resistance 

Different weights 
for the three traits  

(10, 2 and 4) 
Three traits 

weighted equally 
A +2 +1 -1 +18 +2 
B 0 +1 +1 +6 +2 
C -1 0 +1 -6 0 
D +1 -2 -1 +2 -2 
E -3 +1 +2 -20 0 

Note: This set of EBVs is completely made up. 

In this example, the best queens for overall merit are A and B, whether we use the different weights 
approach or the equal weights approach. This is not automatically the case, so in real life, queens 
could rank differently under different approaches to calculating their Selection Index. 
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The approach to calculating the Selection Index can be significantly more complicated than outlined 
here; the point here is to illustrate the principle and to suggest that in initial stages of an industry 
genetic evaluation and improvement scheme, a very simple approach addressing traits that are 
generally considered important can be applied. 

An important aspect of this element of a genetic improvement program is to stress that different 
breeders could place quite different importance on different traits – some breeders might see honey 
production as much more important than other traits, some might see disease resistance as much more 
important, and others might want to achieve improvement across all the traits or trait groups. Such 
diversity of goals can be readily accommodated in an industry-wide evaluation system – the table 
used for the example above is essentially showing just that, two indexes for the queens, allowing 
different breeders or queen buyers to select on (in this case) two different goals. 

Key points: 

• The fundamental question of any genetic improvement program is “what should I breed for?” 
– the breeding goal. 

• In most situations, the breeding goal will include a number of traits. 
• Where there is more than one trait in the breeding goal, EBVs for individual traits are usually 

combined into an overall measure of genetic merit, known as a Selection Index. 
• Combining the EBVs into the Selection Index can be done in a variety of ways, ranging from 

quite simple to complex, but the principle is to establish the relative importance of the various 
traits. 

• A simple approach for honey bee genetic improvement would be to include honey production 
(possibly augmented with pollination activity), temperament and disease resistance. Initially, 
it would be quite appropriate to give equal importance to these traits. 

 

Using DNA information to calculate EBVs and manage inbreeding 

The overall project objectives included: 

• Scoping possible options for genotyping honey bees in Australia, including pricing. 
• If possible, conduct genotyping on samples from one or more breeding programs to develop 

methods for sampling in the field. 

The underlying reason for interest in these objectives is that reading the DNA of organisms can help 
us understand their genetic make-up for traits of interest with more precision than is possible with 
standard pedigree data, which in turn enables more accurate selection coupled with more precise 
control of inbreeding. 

‘Reading the DNA’ has now been available in a general sense since the late 1990s. The basis of the 
technology (which is now available in a variety of ways) is mapping the genome – or chromosomes of 
the organism. 

Mapping involves determining the sequence of the four molecules that make up the core of DNA – 
Thymine (T), Adenine (A), Guanine (G) and Cytosine (C). The map then allows the location of 
particular defined stretches or individual molecules of DNA to be known, and, from that, whether an 
individual is TT, TA, AA, or GG, GC, or CC at that location. 

The honey bee genome – its entire DNA – contains about 236 million of these individual molecules.  

Genes are particular defined strings of these molecules – defined in the sense that there are strings that 
identify where a gene starts and where it ends. The sequence of the four molecules between the start 
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and the end of a gene is the coded instructions, which are interpreted by other molecules and tell those 
molecules what amino acids to make.  

The individual locations on the map are known as SNPs – single-nucleotide polymorphisms. The 
nucleotides are the four molecules, and polymorphisms means that the map tells us that individuals in 
the population vary in which molecule (or nucleotide) they have at that location. 

Some simple explanatory material outlining the mapping and how we read the DNA is provided in 
Appendix 2.  

Having the ability to read the DNA makes three things possible: 

• Determining the parents of individuals. 
• Determining whether an individual has a particular gene of interest. 
• Determining the genetic relationship between pairs of individuals. 

The third one of these is the focus of this report, but brief explanation of the first two is useful. 

Determining the parents of individuals 

This application depends on following very simple rules of inheritance. 

A queen gets genes from both her mother and her father. For example, assume we have a queen that is 
TT at a particular SNP location. 

If we have a potential queen mother and drone father, and the potential queen mother is TA and the 
potential drone father is A, we can be certain that this drone cannot be the father of our TT queen – 
she has to get T from both her parents, and the potential drone father can only pass on A. 

In this example, if the potential queen mother is TA and the potential drone father is T, then these two 
individuals could be the parents of a TT queen – she would get T from the drone, and either T or A 
from the queen mother – so this mother-father-offspring combination is possible. 

When reading DNA is used to identify parents, this checking at one SNP location is repeated at some 
larger number of SNP locations, potentially hundreds.  

For each location, the process is to check whether the potential parents are actually the parents. If we 
find more than a very small number of mismatches, one or both of the potential parents can be ruled 
out. 

Essentially, the same principle can be applied to workers in a hive to determine families within the 
colony – groups of workers that have the same mother and father, remembering that the population of 
workers in a hive will usually be made up of several such families, as the queen present will have 
mated to upwards of 10-12 drones on her mating flight, and if she uses sperm from all those drones, 
there will be 10-12 drone families of workers within the hive (known as sub-families). If a number of 
hives have all resulted from mating to the same set of drones, being able to determine the drone 
family composition among the workers in each hive helps understand the genetic relationship between 
the different hives more precisely than if we only know the relationships among the queens. 

Determining whether an individual has a particular gene of interest 

If through mapping studies a particular DNA location is identified as being the actual gene affecting a 
particular trait, then reading that location tells us directly about an individual’s genes for the trait. 

This depends on there being different forms of the gene, and those different forms having different 
effects. 
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This can be described by a simple example, again using the T-A or G-C pairing.  

Imagine we have a trait that is controlled by one gene or DNA location, and in our population there 
are only T or A at that location. Individual queens can then be TT, TA or AA, while individual drones 
can be either T or A. 

If the T and A forms have different effects, then reading the DNA at this location tells us the genetic 
make-up of each individual. 

This is quite appealing, but unfortunately most traits of interest in honey bees (in fact all species of 
living things) are affected by large numbers of genes. 

For this reason, in general, being able to read small numbers of individual DNA locations – SNPs – is 
not very helpful. 

Determining the genetic relationship between pairs of individuals 

In the section above on estimated breeding values, it was explained that using information from 
related individuals can help provide a more accurate picture of the genetic merit of an individual than 
is possible using the performance of that individual alone. 

This is because related individuals share some proportion of their genes in common, and so knowing 
the performance of a relative is like having an extra look at a part-version of the individual that we are 
interested in.  

For example, if we have groups of half-sib queens, each with individual performance recorded, each 
half-sib of an individual is telling us (on average) about one-quarter of the genes of the individual 
itself. If we have records on the performance of a number of half-sibs, we get that number of pictures 
of one-quarter of the genes of the individual we are interested in. (In the EBVs calculated in the 
earlier section, this is exactly what was done.) 

When we can actually read the DNA, we can make the use of information from relatives more precise 
and hence effective. 

For a very simple example, we will assume that we have read the DNA for two individuals, and we 
will focus on one chromosome, and we will only look at 10 SNPs. Because the chromosomes exist in 
pairs, each individual will have two molecules at each SNP – and those molecules are the T, A, G or 
C outlined above: 

 

TT TA GC CC AA AT AA GG CG AT 
 

TT AA GC CG AA TA TT GG GG AT 

Figure 13: Example of 10 SNPs for two individuals 

 

Note that while the graphic suggests that the 10 SNP are in a line, they could actually be widely 
spaced along one or more chromosomes, and in practice usually are. 

In this example, the locations (or SNPs) at which the two individuals have identical makeup are 
shaded in yellow – there are five such locations out of the 10 we have the result for. 



 

41 

In very simple terms, we can say that these two individuals are 50% the same, or identical, in their 
genetic makeup at these 10 locations. 

When we read the DNA in order to use the data in genetic improvement, typically the genetic make-
up (which molecules are present) is read at many thousands of locations scattered across the various 
chromosomes. The same principle as above still applies – we identify the number of locations where 
each pair of individuals are the same, and this is a direct measure of how genetically similar or 
different they are. This measure of similarity can be used instead of the pedigree relationship between 
two individuals.  

As an example, individuals that have one parent in common are referred to as half-sibs, and we expect 
them to have, on average, the same genetic make-up at 25% of the molecules of their genome. If we 
can read the DNA of such individuals, we find that, in general, pairs of half-sibs can range in 
similarity from about 19% to 31% identical make-up. 

Using the relationships between individuals in calculating EBVs – genomic selection 

This use of reading the DNA described above is the basis of an approach to calculating EBVs that is 
now routine in most livestock species and increasingly routine in plants as well – known as genomic 
selection. 

Genomic selection has two key elements: 

• Reading the DNA for individuals in the population to determine their precise genetic 
similarity, as outlined above. 

• Using the genetic similarity, in combination with substantial amounts of performance data, to 
determine the genetic merit of each individual. This second element is essentially the same as 
the process of using information from relatives outlined in the section on EBVs above, but 
here the exact genetic relationship is determined by reading the DNA. 

Importantly, this can only be done when a large number of individuals in the population has been 
recorded for the traits of interest and had their DNA read. This group of individuals is known as the 
genomic reference population. 

The key principles and elements of genomic selection can be illustrated graphically (over page): 
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1. Using information from relatives 
 

 

Figure 14: EBVs – using information from relatives 

 

In this and the following graphic, MGSire means maternal grand-sire, MGDam means maternal 
grand-dam, PGSire means paternal grand-sire, and PGDam means paternal grand-dam. 

This graphic outlines that when using information from relatives in standard calculation of EBVs – 
the relationships between individuals are assumed to be ½, ¼, ⅛ etc. 

When we use the genomic information – based on reading the DNA – the picture becomes slightly 
different (over page): 
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Figure 15: EBVs – incorporating genomic information based on reading the DNA 

 

Now, instead of using ½, ¼, ⅛ etc for pairs of individuals where both have their DNA read, we use 
the actual similarity based on reading their DNA – this is denoted by the g relationship in the chart. 

In this example, in standard EBV calculation, we would expect the relationship between a maternal 
grand-sire of an individual and the individual itself to be 0.25 – they would have 25% of their genes in 
common. Reading the DNA will give us a more accurate measure of this relationship – it might be 
0.21 instead of 0.25. Accordingly, we would weigh the information from the maternal grand-sire by 
0.21 instead of by 0.25. 

By repeating this process across all the pairs of individuals whose DNA has been read, we end up 
with a more accurate version of the pedigree, which means that we make more appropriate use of the 
information from relatives in calculating the EBV for each individual. 

2. The importance of the genomic reference population 

The increase in accuracy of EBVs from reading the DNA is only possible if there is sufficient 
performance data available on the population. The amount of performance data needed to generate 
EBVs is illustrated by this graphic (over page): 
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Note: In this chart, GEBV means EBVs calculated using genomic information alone. 

Figure 16: Performance data needed to generate genomic EBVs of defined accuracy 

 

The lines on this chart represent the accuracy of EBVs calculated using solely the read DNA of an 
individual, for traits with heritability of 0.1, 0.3, 0.5 and 0.8, and for genomic reference populations of 
a range of sizes. 

For example, if we are focused on a trait that has a heritability of 0.3 (or 30%) – which is what we 
expect for honey production – and we have a genomic reference population of 4,000 individuals, we 
could get an EBV accuracy of just on 50% simply from a DNA sample for an individual, i.e. without 
taking any record of performance of the individual. By comparison, the accuracy of an EBV for an 
individual with its own actual performance record is 55% – so similar accuracy is obtained without 
having to measure performance. 

The key messages from this chart are: 

• If we have a genomic reference population, we can determine the EBV of an individual 
simply through reading its DNA. 

• The size of the genomic reference population determines how accurate the EBV will be – how 
reliably it describes the value of the genes of the individual. 

• To obtain EBVs that have similar accuracy to what we can achieve simply by recording 
performance of that individual, typically the reference population would need to include 
performance data and DNA on 2,000-4,000 individuals from the population. 

In the chapters section of this report, results are shown for relationships among queens determined by 
reading the DNA for sets of individuals from two populations of bees in Australia, and, following 
that, a model for implementing genomic selection in the Australian honey bee population is described. 
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Key references 

There is a wealth of information on honey bee genetics available in scientific literature and via the 
internet. A small number of useful links are provided in the Appendix. 

The thinking around industry implementation presented in this report has been particularly informed 
by six references, which are briefly summarised here. 

Banks, R. G. and Boerner, V. (2016). Genetic Evaluation of Australian Honey Bees using 
BLUP procedures, Rural Industries Research & Development Corporation. 
https://www.agrifutures.com.au/wp-content/uploads/publications/15-104.pdf  

This report summarises the basic principles of EBVs for use in honey bee breeding, and developed 
estimated benefit-cost ratios for adoption of modern breeding methods in the Australian honey bee 
industry. The importance of systematic and sustained collection of performance data on key traits was 
a key message. 

Rinderer, T. E. and Coy, S. E. (2020). Russian Honeybees, Salmon Bayou Press 

The chapters on stock formation (chapter 3) and resistance to Varroa (chapter 4) are valuable in 
highlighting the importance of systematic and sustained data collection, the effectiveness of direct 
selection for reduced mite populations in colonies as the way to improve resistance, and the 
usefulness of a variety of traits contributing to overall resistance. 

The key message of this report is the importance of data collection, but the book also flags that 
Varroa-sensitive hygiene is a contributing trait – with the potential that systematic recording of 
hygienic behaviour in Australian colonies will be a valuable step, even in the absence of actual 
Varroa in this country. 

Brascamp, E. W., Wanders, T. H. V., Wientjes, Y. C. J. and Bijma, P. (2018). Prospects for 
genomic selection in honey-bee breeding. World Congress on Genetics Applied to Livestock 
Production. vol. Genetic Gain – Breeding Strategies 1, 29. 
http://www.wcgalp.org/system/files/proceedings/2018/prospects-genomic-selection-honey-
bee-breeding.pdf 

This paper is valuable for two reasons: It provides estimates of the potential rates of improvement 
possible with use of genomic methods, up to 20% faster progress than achieved under a conventional 
BLUP EBV scheme; and it reinforces that a strong basic platform of recording is essential for 
genomics to work – a population of colonies that are recorded and genotyped. 

The paper also examines scope to dramatically accelerate genetic progress by turning over generations 
of queens rapidly – with very promising results from simulation. 

Bienefeld, K., Ehrhardt, K. and Reinhardt, F. (2008). Noticeable success in honey bee 
selection after the introduction of genetic evaluation using BLUP (translated by Kirsten 
Traynor). American Bee Journal, 148(8), 739-742 

This article provides clear documentation of good results of implementing EBV selection (based on 
BLUP procedures) in honey bees in Europe – the trend in honey production being 0.6% per year (or 
about 0.3 kg). The article is also instructive in showing the scale of recording – at the time of 
publication, records on about 6,000 individuals were being added annually. 

Peterson, G. E. L., Fennessy, P. F., Amer, P. R. and Dearden, P. K. (2020). Designing and 
implementing a genetic improvement program in commercial beekeeping operations. Journal 
of Apicultural Research, 59(1), 638-647. https://doi.org/10.1080/00218839.2020.1715583 
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This paper summarises the principles of genetic improvement programs, with particular references to 
unique features of honey bee breeding, and considers how genomic selection might be introduced, 
including a simple schematic. 

The paper discusses some of the challenges of adoption of modern breeding methods, and concludes 
that genomic technologies offer scope to reduce some of these challenges. 
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2. EBVs for scored and production traits – Horner family data, line C, 2018-19 
Queen Honey kg Chalkbrood Honey work Bee size Brood 

viability 
Lack of 
beetles 

Wax 
cleanliness 

Not lazy Quietness 

C1B 8.14 -0.19 -1.99 -0.53 -0.23 -0.90 -0.08 -0.12 -0.13 
CFB 20.39 0.06 0.32 0.04 -0.75 0.46 0.18 -0.13 -0.17 
CR1 11.02 0.27 0.81 0.16 0.58 -0.01 0.57 0.22 0.14 
C3E -6.84 0.21 0.42 -0.29 0.18 -0.18 -2.33 0.14 0.18 
CR3 -10.45 0.26 0.32 0.04 0.22 -0.51 0.18 0.07 -0.17 
CA1 -9.92 0.24 -0.92 0.32 -0.01 -0.25 -0.73 0.10 -0.13 
CR2 -3.66 0.24 0.79 0.32 0.20 0.60 0.13 0.10 0.30 
C2C 2.40 -1.26 0.37 0.11 -0.66 -0.25 1.20 -0.12 -0.13 
CJ1 -4.29 0.26 0.13 0.23 0.41 0.07 -0.01 -0.13 -0.17 

CW1 -2.28 0.26 -0.07 0.04 0.60 0.27 0.76 0.46 0.02 
CFC 0.90 0.24 0.37 0.54 -0.01 -0.04 0.13 -0.33 0.30 
CW2 18.29 0.27 -0.43 0.16 -0.65 0.34 -0.66 0.04 -0.04 
C3 -2.24 0.26 -1.04 -0.73 0.60 -0.12 0.76 0.07 -0.17 

C3F -16.78 -0.91 0.71 0.04 -0.56 -0.31 -0.40 -0.13 0.02 
C1 0.56 0.24 -0.06 -0.11 0.42 0.39 -0.30 0.10 0.30 

C2O -0.28 -0.62 0.15 0.54 -0.66 -0.68 -0.08 -0.54 -0.34 
CJ 9.00 0.21 0.18 0.19 0.42 0.54 0.07 0.14 -0.06 

C1A 13.93 0.24 0.15 -0.96 -1.08 0.17 -0.51 0.10 0.30 
CB -11.45 -0.51 -0.54 0.43 1.14 0.54 0.55 -0.10 -0.06 

CW6 -16.43 0.26 0.32 -0.54 -0.17 -0.12 0.57 0.07 0.02 
C01 -15.63 -1.26 -1.04 -0.98 -0.60 0.25 -0.48 -0.09 -0.24 
C02 -12.56 0.16 0.70 -0.89 -2.06 -0.23 0.94 -1.48 -0.25 
C03 11.68 0.19 0.08 0.51 0.91 -0.30 1.00 0.65 0.49 
C04 -12.18 0.19 0.72 -0.25 0.85 -0.33 -2.21 -0.05 -0.19 
C05 9.07 0.19 0.70 -0.20 -0.53 0.31 0.94 -0.06 -0.25 
C06 2.78 0.19 0.51 0.53 0.82 0.35 0.80 0.63 0.45 
C07 -10.90 0.16 0.70 1.18 -2.06 0.46 -0.44 -0.09 -0.25 
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Queen Honey kg Chalkbrood Honey work Bee size Brood 
viability 

Lack of 
beetles 

Wax 
cleanliness 

Not lazy Quietness 

C08 3.76 0.12 -2.42 -0.29 0.79 -1.13 -1.87 -0.09 -0.24 
C09 -25.88 0.19 -0.87 0.53 -1.95 -2.42 0.80 -0.06 -0.24 
C10 9.98 0.19 -0.18 0.53 0.13 0.35 -1.97 -0.06 -0.24 
C11 -20.49 0.19 0.77 1.23 0.85 0.48 0.94 0.63 0.52 
C12 -16.06 0.19 0.77 -0.16 -0.53 0.48 -1.14 -0.06 -0.17 
C13 7.65 -0.04 0.71 0.50 -0.66 0.35 1.10 -0.09 -0.24 
C14 4.82 0.19 0.67 0.52 0.19 -0.29 -1.86 -0.09 -0.25 
C15 8.87 0.19 0.64 0.49 0.22 0.43 1.03 0.69 0.48 
C16 17.88 0.19 0.71 0.57 -0.56 -1.00 0.24 -0.13 0.52 
C17 9.13 0.19 0.59 -0.18 -0.66 -0.25 0.81 0.62 -0.23 
C18 -0.44 0.19 0.67 0.52 -0.50 -0.98 -0.47 -0.09 -0.25 
C19 27.98 0.19 0.49 0.37 0.92 0.37 1.03 -0.06 0.45 
C20 1.45 0.01 0.76 0.49 -0.65 0.34 0.85 -0.09 -0.22 
C21 7.72 0.19 -0.05 0.47 0.89 0.45 -1.90 -0.06 -0.17 
C22 -6.88 0.19 -0.71 -0.17 0.89 0.40 -0.47 -0.09 -0.25 
C23 9.94 -0.04 0.02 1.19 -0.66 -1.03 1.10 -0.09 -0.24 
C24 -18.23 0.19 -0.02 -0.17 -0.50 0.40 0.91 -0.09 -0.25 
C25 -11.17 0.06 0.68 0.57 -0.66 0.28 0.90 -0.16 -0.27 
C26 -13.40 0.19 -0.74 -0.22 -0.50 -0.24 0.18 -0.06 0.52 
C27 -13.34 0.12 -1.04 0.40 0.79 -1.13 0.90 -0.09 -0.24 
C28 7.73 0.19 0.78 -0.18 -0.47 0.39 1.00 -0.04 -0.20 
C29 8.25 0.19 -0.01 -0.87 -0.50 0.47 0.93 -0.05 -0.23 
C30 -12.18 0.19 0.72 -0.94 -1.23 -1.02 -2.21 -0.05 -0.19 
C31 -13.07 0.19 0.71 -0.12 0.13 0.38 0.94 -0.13 -0.17 
C32 4.45 0.19 -1.58 -1.70 0.22 -0.32 1.03 -0.06 -0.94 
C33 9.01 0.19 0.68 -1.05 -0.73 0.42 -1.93 -0.06 -0.17 
C34 -7.92 -2.71 -0.71 0.57 -1.36 -1.10 -1.87 -1.54 -0.27 
C35 9.61 0.19 -2.18 0.51 0.03 0.44 -1.96 -0.07 -0.23 
C36 -9.71 0.19 0.78 0.51 0.22 0.39 1.00 -0.04 0.49 
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Queen Honey kg Chalkbrood Honey work Bee size Brood 
viability 

Lack of 
beetles 

Wax 
cleanliness 

Not lazy Quietness 

C37 -13.48 0.19 -0.89 -1.01 0.22 0.37 1.03 -0.06 -0.25 
C38 -4.79 0.07 0.57 0.55 1.00 0.47 0.31 -0.09 -0.23 
C39 -9.42 0.19 0.70 -0.89 -0.53 -0.38 -1.13 -0.06 -0.25 
C40 10.81 0.19 -0.01 1.21 0.89 0.47 -1.15 0.64 0.46 
C41 0.22 0.19 0.68 0.52 0.19 0.47 0.23 -0.05 -0.23 
C42 -15.92 0.19 0.70 0.49 0.86 0.31 0.94 -0.06 -0.25 
C43 -18.44 0.19 -0.68 -1.67 0.80 0.37 -0.38 -0.06 -0.22 
C44 10.05 0.19 0.68 -1.05 -1.42 0.42 -0.55 -0.06 0.52 
C45 -1.09 0.19 -0.68 1.26 -0.56 0.38 -1.83 -0.13 -0.17 
C46 5.31 0.19 0.78 -0.18 -0.47 0.39 -0.38 -0.04 -0.20 
C47 -34.20 0.19 0.01 0.49 0.86 -1.07 -0.44 -0.06 -0.25 
C48 -23.58 0.19 0.64 -0.92 0.19 0.45 0.87 -0.06 -0.17 
C49 -19.79 0.19 -0.74 -0.20 0.92 -0.95 1.03 0.00 -0.22 
C50 14.32 0.19 0.59 0.51 0.03 0.44 0.81 -0.07 0.47 
C51 4.01 0.01 0.76 -0.20 -0.65 0.34 -0.53 -0.79 0.48 
C52 0.88 0.07 -0.82 0.55 1.00 0.47 1.00 -0.09 -0.23 
C53 -10.90 -0.04 0.71 -0.19 0.03 0.35 0.41 -0.09 0.45 
C54 -14.57 0.06 -0.02 -0.12 -0.66 0.28 0.21 -0.16 -0.96 
C55 -11.31 0.19 0.78 -0.18 0.91 -0.30 -1.77 -0.04 -0.20 
C56 2.39 -2.81 0.71 -1.57 -1.36 -1.03 1.10 -0.09 -0.24 
C57 -19.65 0.19 -2.26 -0.16 0.13 0.35 -1.97 -0.06 -0.24 
C58 18.72 0.19 0.64 0.47 0.89 0.45 0.87 0.63 0.52 
C59 4.92 0.19 0.77 -0.85 -0.53 0.48 -0.45 -0.06 -0.17 
C60 -24.57 0.19 -0.74 -0.20 0.92 0.43 0.34 0.00 -0.22 
C61 -10.89 0.19 0.70 0.40 -1.28 0.37 -0.38 -0.06 -0.22 
C62 3.40 0.19 -0.71 -1.74 -1.42 0.42 0.84 -0.06 0.52 
C63 -1.37 0.19 0.64 -0.20 0.22 0.43 -1.04 0.69 0.48 
C64 10.72 0.19 -0.80 -0.18 -2.05 -0.25 -1.26 -0.07 -0.23 
C65 -12.62 0.19 -0.71 0.52 0.89 0.40 0.91 -0.09 -0.25 
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Queen Honey kg Chalkbrood Honey work Bee size Brood 
viability 

Lack of 
beetles 

Wax 
cleanliness 

Not lazy Quietness 

C66 6.44 0.19 0.72 -0.25 0.85 0.36 -1.52 0.64 0.50 
C67 1.86 0.19 0.59 0.51 -0.66 0.44 0.12 -0.07 -0.23 
C68 10.64 0.19 0.08 0.51 0.91 0.39 1.00 0.65 0.49 
C69 -17.38 -2.06 0.76 0.49 0.04 -0.35 -0.53 0.60 0.48 
C70 10.88 0.19 0.64 0.49 0.92 0.43 1.03 0.69 -0.22 
C71 -23.73 0.19 -0.89 -1.70 0.92 0.37 -1.74 -0.06 -0.25 
C72 -12.10 0.19 -0.89 -0.32 -0.47 -1.71 1.03 0.63 0.45 
C73 -23.21 0.19 -0.68 -1.67 -1.28 0.37 1.00 -0.06 -0.22 
C74 -18.35 0.01 0.76 -0.89 -2.03 0.34 -1.92 -0.09 -0.22 
C75 5.10 0.19 0.70 0.40 0.80 -0.32 1.00 0.63 0.48 
C76 13.60 0.16 -0.68 -0.20 -0.68 0.46 0.94 0.60 -0.25 
C77 1.54 0.19 0.02 -0.12 0.13 -0.31 0.94 -0.82 0.52 
C78 -30.45 0.19 0.68 0.34 -0.04 -0.97 0.84 -0.06 -0.17 
C79 -10.47 0.19 0.70 0.40 0.80 0.37 0.31 -0.06 -0.22 
C80 -0.41 0.19 0.77 0.53 0.85 0.48 0.94 -0.06 0.52 
C81 -10.04 0.01 0.76 0.49 0.04 0.34 -0.53 -0.09 -0.22 
C82 -34.36 -0.62 -0.82 -0.14 1.00 0.47 1.00 -0.09 -0.23 
C83 -16.01 0.19 0.70 -0.29 -0.59 -1.71 1.00 -0.06 0.48 
C84 4.47 0.06 -0.02 0.57 -0.66 -2.48 -0.48 -0.16 0.42 
C85 1.34 0.12 -2.42 -0.98 -1.29 -1.13 0.21 -0.09 -0.24 
C86 13.95 0.16 0.70 -0.20 0.01 0.46 -1.13 0.60 0.45 
C87 6.02 0.19 -0.68 -0.89 -0.53 -1.07 -0.44 0.63 0.45 
C88 -11.36 0.19 -0.80 -0.18 0.72 0.44 -0.57 -0.07 0.47 
F61 17.38 0.19 0.08 0.53 0.16 0.48 0.24 -0.06 0.52 
F62 14.03 0.19 0.67 -0.17 0.89 0.40 0.91 -0.09 0.45 
F63 -2.56 0.19 0.01 1.18 0.86 -0.38 0.94 -0.06 -0.25 
F64 12.20 0.19 -0.01 -0.18 0.89 0.47 0.23 -0.05 -0.23 
F65 28.08 0.06 0.68 0.57 0.72 0.28 0.90 -0.16 -0.27 
F66 31.40 -0.53 -0.68 -0.89 0.71 0.46 0.94 -0.09 -0.25 
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Queen Honey kg Chalkbrood Honey work Bee size Brood 
viability 

Lack of 
beetles 

Wax 
cleanliness 

Not lazy Quietness 

F67 63.70 0.19 -0.71 -0.36 -0.73 0.42 -1.24 0.63 0.52 
F68 56.44 0.12 -1.04 -0.29 -0.60 -0.44 0.90 -0.09 0.45 
F69 56.25 0.16 0.70 1.18 0.71 0.46 -0.44 -0.09 -0.25 
F70 57.17 0.19 -0.11 -0.18 -0.66 0.44 -1.26 -0.07 -0.23 
F71 40.76 0.19 0.78 -0.18 0.91 -1.00 1.00 -0.04 -0.20 
F72 15.73 0.19 -0.74 -0.20 -0.47 0.43 1.03 0.00 -0.22 
F73 12.77 0.19 -0.74 -0.22 0.19 0.45 -1.21 -0.06 0.52 
F74 -1.82 -1.31 -0.82 0.55 1.00 0.47 -0.38 -0.09 0.46 
F75 -1.65 0.19 0.71 0.57 0.82 0.38 0.24 -0.13 0.52 
F76 0.52 -2.12 -0.68 0.50 0.03 0.35 1.10 -0.09 -0.24 
F77 -35.17 -2.06 -0.62 -0.20 0.74 -2.43 0.85 -0.09 -0.22 
F78 6.80 0.19 -0.89 1.06 0.92 0.37 1.03 -0.06 -0.25 
F79 -6.02 0.19 -0.67 0.44 0.16 0.36 -2.21 -0.05 0.50 
F80 -6.91 0.19 -0.87 -0.16 0.82 0.35 -0.58 -0.06 -0.24 

 

The units of EBV for ‘Honey’ are kg – so 6.80 means the queen has genes estimated to be worth an extra 6.80 kg of honey produced from a season, compared 
with the overall average of this dataset. 

The units of EBVs for the scored traits are based on a 1-5 scale – where 5 is good – so an EBV of 0.44 for ‘Bee size’ means the queen has genes estimated to 
be worth an extra 0.44 compared with the overall average, on the 1-5 scale. 
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3. Correlations between EBVs for scored and production traits – Horner family data, line C, 2018-19 
 

  
Honey kg Chalkbrood Honey work Bee size Brood 

viability 
Lack of 
beetles 

Wax 
cleanliness 

Not lazy Quietness 

Honey kg 1.00 
        

Chalkbrood  0.11 1.00 
       

Honey work  0.14 0.02 1.00 
      

Bee size  0.17 0.07 0.23 1.00 
     

Brood viability  -0.01 0.19 -0.04 0.26 1.00 
    

Lack of beetles  0.14 0.19 0.22 0.00 0.25 1.00 
   

Wax cleanliness  0.00 0.05 0.12 0.06 0.08 0.00 1.00 
  

Not lazy  0.24 0.24 0.10 0.14 0.37 0.13 0.12 1.00 
 

Quietness  0.31 0.06 0.27 0.19 0.16 -0.03 0.13 0.37 1.00 
Note: given the small size of the dataset, these correlations are only indicative. 

 

The correlations of traits with themselves are 1 – these are in the diagonal of this table. 

A correlation between 0 and 1 means that a higher EBV for trait A is associated with a higher EBV for trait B. 

A correlation between 0 and -1 means that a higher EBV for trait A is associated with a lower EBV for trait B. 

A correlation of 0 means that there is no association between EBVs for trait A and trait B. 
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4. EBVs for ‘Honey production’ – Horner family data, line C, 2019-20 
ID Queen Phenotype 

(kg) 
EBV for Honey 
production (kg) 

GC2   10.5 
GMS   4.38 
GN3   -1.91 
GN30   -2.24 
GN32   -7.02 
GN35   -0.44 
GNFM   14.47 
GNFO   1.72 
GNK1   -1.28 
GNK2   -9.82 
GNK3   0.61 
GNK4   3.19 
GNK5   0.18 
GNK6   -2.97 
GNM   -1.15 
GNW1   -12.7 
GNW2   1.06 
GNW3   3.4 
G06 GC2 98.2 0.46 
G19 GC2 176.9 12.88 
G37 GC2 168 11.48 
G50 GC2 175.2 12.62 
G87 GC2 124.2 4.56 
G11 GMS 134 3.54 
G17 GMS 123 1.8 
G29 GMS 130.2 2.94 
G57 GMS 157.5 7.25 
G67 GMS 124.4 2.02 
G03 GN3 85.1 -6.84 
G77 GN3 151.4 3.63 
G88 GN3 112.4 -2.52 
G04 GN30 111.6 -2.79 
G07 GN30 140.5 1.77 
G47 GN30 64.1 -10.29 
G71 GN30 132.5 0.51 
G73 GN30 119.2 -1.59 
G79 GN30 143.9 2.31 
G16 GN32 182.4 6.37 
G27 GN32 42 -15.79 
G43 GN32 131.8 -1.62 
G54 GN32 150.4 1.32 
G80 GN32 25.6 -18.38 
G33 GN35 132.3 1.24 
G61 GN35 67.4 -9.01 
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ID Queen Phenotype 
(kg) 

EBV for Honey 
production (kg) 

G64 GN35 165.4 6.46 
G20 GNFM 137.4 8.32 
G23 GNFM 176 14.41 
G39 GNFM 173.4 14 
G44 GNFM 172.8 13.91 
G02 GNFO 159.3 6.41 
G12 GNFO 79.2 -6.24 
G28 GNFO 111 -1.22 
G85 GNFO 163.5 7.07 
G09 GNK1 149.8 3.65 
G31 GNK1 30.8 -15.14 
G38 GNK1 169.7 6.79 
G72 GNK1 75.2 -8.13 
G75 GNK1 187.7 9.63 
G76 GNK1 110.6 -2.54 
G15 GNK2 82.4 -10.59 
G21 GNK2 66 -13.18 
G56 GNK2 70 -12.55 
G82 GNK2 161.8 1.94 
G86 GNK2 118.4 -4.91 
G14 GNK3 111 -1.69 
G36 GNK3 130.9 1.46 
G46 GNK3 119.1 -0.41 
G49 GNK3 103.7 -2.84 
G58 GNK3 118.7 -0.47 
G70 GNK3 192.3 11.15 
G81 GNK3 95.3 -4.16 
G24 GNK4 182.6 10.71 
G34 GNK4 165.8 8.05 
G63 GNK4 109.1 -0.9 
G68 GNK4 161.6 7.39 
G83 GNK4 35.7 -12.49 
G25 GNK5 94 -4.55 
G26 GNK5 113 -1.55 
G35 GNK5 163.8 6.47 
G48 GNK5 148.3 4.03 
G55 GNK5 143.4 3.25 
G78 GNK5 79.6 -6.82 
G08 GNK6 87 -6.98 
G18 GNK6 106.5 -3.9 
G41 GNK6 108.9 -3.52 
G45 GNK6 117.6 -2.15 
G60 GNK6 160.9 4.69 
G01 GNM 167.8 6.54 
G30 GNM 39.9 -13.65 
G40 GNM 68 -9.21 
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ID Queen Phenotype 
(kg) 

EBV for Honey 
production (kg) 

G42 GNM 195.9 10.98 
G53 GNM 73.6 -8.33 
G66 GNM 174.5 7.6 
G84 GNM 128.5 0.34 
G10 GNW1 25.6 -20.77 
G22 GNW1 149 -1.29 
G59 GNW1 107.9 -7.78 
G69 GNW1 64.7 -14.6 
G32 GNW2 152.1 5 
G51 GNW2 67.1 -8.43 
G74 GNW2 162.4 6.62 
G05 GNW3 161.4 7.45 
G13 GNW3 168.7 8.6 
G52 GNW3 96.2 -2.85 
G62 GNW3 86.7 -4.35 
G65 GNW3 144.3 4.75 
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5. Basic principles 

Reading the DNA 

Reading the DNA – basic principles

Rob Banks
AGBU

 

DNA: building blocks of life

DNA has a letter code, each letter is a molecule (base)

How many different bases?   ….

Total number of bases? ~……

4

3 billion

There are about 20,000 genes

 

Genomics in action – Genotyping by sequencing

Genotyping by sequencing uses enzyme combinations to select regions of DNA to 
sequence “single-nucleotide polymorphisms” or SNPs which are base positions on DNA 
that vary between individuals, 
• A minimum panel of SNPs can be selected and a stringent assay designed to read 

between individuals and determine their heritage 

• In the case of bees it is a way to read drones to determine their heritage and relate back 
to hive performance and bee behaviours
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Sampling methods of drone pupae and queen bee wing tips for genotyping 

Drones (WA) 

• Drone pupae were collected in 2018 and 2019 seasons from drone production hives that were 
selected to be sent to Rottnest Island, Western Australia to take part in the Better Bees 
Western Australia Incorporated (BBWA Inc.) geographic isolated mating component of their 
breeding program. 

• 5-8 drone pupae were collected using forceps and stored in 50 ml vials of 90% ethanol. 
Forceps were cleaned with 90% ethanol between uses. 

• Vials were labelled with a unique identifier, date, line, hive number (in some cases), 
beekeeper name, and notes (in some cases). 

Drones (NSW) 

• Drone pupae were collected in 2018 from drone production hives selected for inclusion in the 
Horners’ temporally controlled breeding program. 

• 5-8 drone pupae were collected using forceps and stored in 50 ml vials of 90% ethanol. 
Forceps were cleaned with 90% ethanol between uses. 

• Vials were labelled with hive number, date and beekeeper name. 

Queen wing tips 

• Queens mated in 2018 in geographic isolation on Rottnest Island, Western Australia within 
the Better Bees Western Australia Incorporated (BBWA Inc.) breeding program were 
sampled.  

• The queen in each of 560 hives was found by a member of the BBWA Inc. and wing tip 
clipped with dissecting scissors and placed using forceps into a 1.5 ml vial of 90% ethanol for 
storage. Scissors and forceps were cleaned with 90% ethanol between uses.  

• After the queen’s wing tip was clipped and collected, she was marked and returned to her 
colony of origin.  

• Vials were labelled with a unique identifier, date, beekeeper initials, box number, line and 
hive number. 

• After sampling, 38 samples were discarded due to quality control in labelling (duplicate box 
and hive numbers) or vial cap malfunction, yielding a total of 522 wing tips with accurate 
labelling. 

• Wings were visually graded for size (i.e. small, medium, large). 
• Three large wing tip samples were sent to AGRF for a DNA extraction trial, which was not 

successful using their existing methods. 
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Protocol for hygienic testing – freeze-killed brood 

NSW DPI fact sheet for easy sharing of the testing methods: 
www.dpi.nsw.gov.au/__data/assets/pdf_file/0005/535604/Testing-for-hygienic-behaviour.pdf 

NSW DPI video of methods: 
www.youtube.com/watch?v=9u4asv32zko&list=PLa30fiiRFuoH_hOQv3aRKUaNon3SVwuH9&index
=19  

 

 

 

  

http://www.dpi.nsw.gov.au/__data/assets/pdf_file/0005/535604/Testing-for-hygienic-behaviour.pdf
http://www.youtube.com/watch?v=9u4asv32zko&list=PLa30fiiRFuoH_hOQv3aRKUaNon3SVwuH9&index=19
http://www.youtube.com/watch?v=9u4asv32zko&list=PLa30fiiRFuoH_hOQv3aRKUaNon3SVwuH9&index=19
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6. The rationale for coordinated investment 

Genetic improvement depends on information 

Ideally, genetic improvement responds to and stimulates demand from commercial producers – in the 
honey bee industries, beekeepers and pollinators. 

This is illustrated by this graphic: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Performance data needed to generate genomic EBVs of defined accuracy 

 
Queen bee breeders, honey producers and pollinators having access to information on the genetic 
merit of queens is critical to enabling informed choices – which queens to use as parents of the next 
generation, which queens to use in multiplication, pollination and/or honey production. 

In many industries, especially those with large numbers of individual breeders and producers, the 
genetic analysis and information is delivered through a central service organisation that is independent 
of any particular enterprise. Typically, the service organisation operates under an industry or 
community mandate, and frequently with some funding from the industry and/or government. 
Individual breeders and producers typically contribute a portion of the operating costs of the service 
organisation, with the contribution from industry and/or government underpinning the provision of the 
independent, objective information that is essential for informed decision-making on genetics 
throughout the industry. 

Driver: Beekeepers and pollinators 
know that better queens mean better 
returns. 

Response: Queen breeders invest in 
recording to describe genetic merit. 

EVALUATION 

Driver: Queen breeders generate superior 
queens for sale. 

Response: Focused beekeepers and pollinators 
achieve higher profits based on better genetics. 
This in turn encourages better management. 

IMPROVEMENT 
(genetic and non-genetic) 

Driver: Beekeepers and 
pollinators actively seek more 
profitable genetics. 

Response: Queen breeders use 
evaluation tools to identify 
superior queens. 

SELECTION 
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7. Background re industry challenges and comparisons with 
genetic evaluation and improvement schemes in other industries 

Challenges facing all agricultural industries 

The importance of the project to the industry centres on two facts. 

Firstly, all agricultural industries typically face declining terms of trade (otherwise known as the cost-
price squeeze) (Mullen, 2010), where input costs rise faster than returns. This can only be addressed 
by improving productivity – producing more output, and/or more valuable output, and/or maintaining 
or reducing costs. Producers typically have no control over input costs, other than the effective cost of 
their own labour, and so in the absence of improvements in the quantity and/or quality of outputs, 
effectively reduce their ‘wages’ over time. 

Genetic improvement can improve output quantity and quality, and reduce input costs (at least in 
situations where feed is being supplied, and feed efficiency is being improved), and so can offset the 
cost-price squeeze. 

Secondly, most agricultural industries face threats due to increasing prevalence of disease threats. The 
increasing prevalence results from a variety of factors, including increased intensity of production, 
increased trade bringing new pests and diseases into a country, and impacts of climate change 
modifying the prevalence of harmful organisms. Genetic variation exists in most farmed species for 
resilience and resistance to diseases, including novel ones. Accordingly, if the right recording and 
genetic evaluation systems are in place, populations can be bred that suffer less loss or death in the 
presence of diseases and pests. Genetic improvement to reduce the impact of pests and diseases 
delivers an additional benefit in reducing the need for, and dependence on, chemical treatments.  

Using Varroa as an example, breeding honey bees that are less susceptible to the mite will be 
beneficial in terms of both reducing colony loss and dependence on chemical treatments. Even in the 
absence of the mite in Australia (making direct testing for susceptibility in this country not possible), 
establishing systematic recording and genetic evaluation of key hygienic behaviours is likely to have 
some favourable effect should Varroa incursion happen, but also establish a foundation of systematic 
recording which could be easily expanded to include Varroa resistance/susceptibility. 

In this second sense, implementation of systematic recording and evaluation for hygiene traits 
constitutes an investment in preparedness, and would likely provide some benefit in reduced 
susceptibility – albeit not as much as could be achieved by direct testing for Varroa 
resistance/susceptibility. 

Comparisons with genetic improvement systems in other industries 

Industry-wide genetic improvement programs have been established in a number of agricultural 
industries in Australia and overseas (Dairy Australia, 2007; Meat and Livestock Australia, 2008), and 
learnings from these have informed this project. 

Some features of programs such as the Australian Dairy Herd Improvement Scheme, BREEDPLAN 
and Sheep Genetics (using only Australian examples) of possible relevance to, or difference from, 
what might be aimed for in honey bees are worth noting. 

Scale of recording 

In the dairy, beef and sheep industries of Australia, the numbers of individual animals or plants 
recorded each year (i.e. each new crop) is typically in the tens or hundreds of thousands, and many 
individuals will be recorded for a number of different traits. In sheep, for example, individual animals 
will typically be recorded several times for weight, potentially be recorded for live animal measures 
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of sub-cutaneous fat depth and eye muscle area, and potentially be recorded for fleece weight and 
wool quality. 

The key point here is not the actual traits or the number of traits recorded on an individual – it is the 
number of individuals in the population being recorded.  This number impacts how accurately the 
genetic merit of individuals can be estimated, which in turn is an important determinant of the rate of 
genetic progress that can be achieved. It also impacts how intensely the best individuals can be 
selected. For example, if we want to select the 50 best individuals, they will be much better if we have 
recorded 500 in total rather than only 100. This value of recording more individuals increases when 
there are several traits or attributes that we are interested in. 

The need to have many thousands of individuals recorded diminishes somewhat when genomic 
selection is implemented (see later in this report), but even then, at least about 1,000 individuals need 
to be recorded for the important traits per year. 

The most significant point re scale from the perspective of the Australian honey bee industry is that 
the current scale of systematic performance recording across industry is very small. Until recently, 
this fact would severely limit the potential for industry-wide genetic improvement, but this report 
outlines how recent developments in genomic methods provide a practical approach to overcoming 
this limit. 

Number of traits recorded 

As noted above, recording will typically include a variety of traits – ideally, all traits contributing to 
income or cost in the value chain. This is not a problem, simply a fact, and genetic data analysis tools 
are used that can handle very large numbers of different traits simultaneously. For example, in sheep, 
extending the example above, animals may be recorded for weight at several different times in their 
life, there are fleece quality traits extending well beyond weight and fibre diameter, and so on. 

Honey bees may be a simpler situation – the key traits are likely to include weight of honey, traits 
associated with pollination effectiveness, potentially some scored traits including temperament, and 
hygiene and disease traits. This comment is not intended to imply that the list of traits should be kept 
small – everything that is important should be recorded, and different breeders and users of queens 
may have different but overlapping sets of traits they consider critical. 

The point here is that what is important should be recorded, and that may mean that at least a portion 
of the population is recorded for many traits.  

Markets for genetic material 

In all the example industries noted above, there are active markets for genetic material. These may be 
in the form of trade in males (e.g. bulls or rams), elite females, and/or semen and eggs, or simply elite 
plants. The markets for these are not perfect – prices do not align perfectly with genetic merit, but 
there is a broadscale a relationship. These markets are important because they ultimately determine 
the returns to breeders for the effort (money and time) invested in recording. The risk is that if the 
market does not reward genetic merit, there is little incentive to make the effort to record traits. And if 
that leads to declining recording, ultimately no genetic improvement is possible. These concerns are 
exacerbated with genomic selection, and accordingly, most industries are carefully considering how to 
encourage the effectiveness of the market for genetic material and to minimise the risk of declining 
recording.  

Time and investment 

The industry genetic improvement systems noted above (beef cattle, sheep, dairy cattle, forestry, 
pork) have been built over several decades, starting in the period 1980 to 2000. Typically, they started 
with researchers interacting with small numbers of breeders keen to scope the value of modern 
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breeding methods, and supported by industry and government Research, development and extension 
(RD&E) funding has grown to typically include 50-90% of the breeding population in these industries 
in Australia. Depending on the industry, that can mean hundreds of individual breeding enterprises 
participating (studs in beef cattle and sheep, breeding companies in dairy and pork, ‘cooperatives’ in 
forestry), and RD&E funding typically maintained at c. 1% of gross value of production for several 
decades. In all cases, the breeders themselves now meet the operating costs of the genetic data 
analysis and the costs of recording, with industry and government RD&E funding typically assisting 
with industry extension and R&D into new traits and methods. An approximately analogous 
investment by industry and government in the honey bee industry would be $1.5 million per annum 
(assuming total value of honey production at $150 million per annum – but this ignores the value of 
pollination services). 

The importance of the extension component of the development of these industry genetic 
improvement systems cannot be overstated. As noted above, effective genetic improvement depends 
on performance recording at a scale relevant to the population, and that is usually conducted by 
individual breeders or breeding companies. If their investment in recording is not at least 
approximately covered in sales of genetic material, their incentive to maintain recording is weakened. 
Accordingly, strong and consistent communication of the benefits of using improved genetic material, 
with the aim of encouraging producers to pay reasonable prices for it, has been central in all these 
systems. 

The messaging around this is usually quite simple – what is the value of a superior bull (or ram, boar, 
parent tree, queen)? – and is typically backed by simple, clear explanation of what drives that value. If 
the extension message is effective, producers seek out superior genetic material, and this provides 
incentive for breeders to continue recording and selecting – and so genetic improvement is 
maintained. This simple principle is illustrated graphically under Recommendations. 

Typically, the industry organisations involved in development of such systems conduct benefit-cost 
analyses as part of meeting their governance obligations. The results are favourable – benefit-cost 
ratios in the range 3:1 to 10:1 or more (links to example studies are included in the references). 

The key point here is that industry-wide genetic improvement invariably requires sustained and 
substantial effort, but is highly profitable for an industry. 
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Glossary 
EBV: Estimated breeding value, an estimate from recorded data of the value of the individual’s 

genes for the recorded trait(s). 

The term ‘estimated’ refers to the fact that we cannot determine the value of the genes with 
100% accuracy. 

The term ‘breeding value’ refers to the fact that the EBV tells us the value of each individual 
for breeding, i.e. as a parent. 

Genetic evaluation: The analysis of performance and pedigree data to calculate EBVs. 

Genetic improvement: Selecting better and better individuals as parents each generation, resulting in 
breeding populations that are genetically better. 

BLUP: Best linear unbiased prediction is a method of statistical analysis that makes use of pedigree 
and performance data in calculating EBVs. It is the method of choice in all livestock and 
evaluation worldwide. ‘Best’ refers to the fact that it is the best of a number of methods of 
calculating EBVs, in terms of its accuracy. ‘Linear’ refers to the fact that it assumes a linear 
relationship between records and breeding value. ‘Unbiased’ refers to the fact that the method 
removes biases due to factors such as non-random mating and environmental differences 
among groups of recorded individuals. 

Genotype: The genes of the individual. When used in the context of genomic selection, it refers to the 
actual markers ‘read’ for that individual. 

Phenotype: The observed performance of the individual. In simple terms, the phenotype is generated 
by the joint effects of the genotype (G) and the environment (E) – things like nutrition, 
weather, disease etc. In simple terms: 

P = G + E 

DNA analysis: Reading the DNA of the individual. There are a variety of ways and levels of detail 
by which this can be done. DNA analysis gives more precise values for the relationships 
between individuals, and in some rare cases can help identify individual genes. 

Genomic selection: A modification of more standard genetic evaluation and improvement programs, 
using DNA analysis and the DNA genotype of some or all individuals in the population. 
Under defined circumstances, this can enable significantly faster rates of genetic 
improvement. 

Genomic reference population: A population of individuals (either queens and/or hive samples) 
genotyped and phenotyped (recorded for traits of interest which are essential for genomic 
selection to work). The genomic reference population provides the basis of estimating the 
genetic merit of individuals that only have a DNA sample. 

Relationship, or relatedness, or pedigree: The extent to which individuals share genes in common 
is their genetic relationship or relatedness. Traditionally, this has been assessed or tracked by 
recording the dams (and in honey bees, potentially the sires) of queens, and is often shown as 
in a pedigree diagram. DNA analysis enables this to be done with increased accuracy 
compared with traditional pedigree. 
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