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Preface

“Breeding Focus 2021 — Improving reproduction” is the fourth workshop in the series.
The Breeding Focus series was developed to provide an opportunity for exchange between
industry and research across a number of agricultural industry sectors. With this goal in
mind, workshops have included presentations across multiple agriculturally relevant animal
species to take participants outside their area of expertise and encourage them to think outside
the box. Reproduction is a main driver for profitability and genetic gain. We will discuss
existing knowledge, identify gaps and explore genetic and management strategies to improve
reproduction further in multiple species.

Successful reproduction is a complex characteristic comprising the formation of reproductive
cells, successful mating and fertilisation, embryonic and fetal growth and eventually a successful
birthing event. In livestock species, reproduction traits have mostly low heritabilities, which
makes it challenging to improve reproduction as part of a multiple trait breeding objective.
The complexity arises not just from the cascade of processes required to result in successful
reproduction, but the relevant traits are different in males and females and they are influenced
through health and fitness, nutrition, climate and other environmental and management factors.

Challenges to the improvement of reproduction can vary widely for different species. For less
domesticated species such as abalone, the ability to produce and reproduce the animals in
captivity presents a major challenge. In bees, reproduction has not been given great attention
and little research has been undertaken to understand the underlying genetics of drone and
queen reproduction. However, in all industries reproduction is recognised as the basis for
genetic and economic gain. It directly influences the selection intensity that can be applied.
It also determines how many animals are not required for replacement and can be sold. In
all industries, irrespective of the challenge, cost-effective and easy to measure phenotypes of
reasonable heritability are central. New technologies and approaches enable the development
of novel phenotypes for genetic improvement which will be combined with a growing amount
of genomic data in livestock species and together these developments provide new and exciting
opportunities to improve reproduction further.

We would like to thank everyone who has contributed to this event for their time and effort:
the authors for their contributions to the book and presentations, the reviewers who all readily
agreed to critique the manuscripts. We would like to express a special thanks to Kathy Dobos
for her contributions into the organisation of this workshop and the publication. Thank you!

Susanne Hermesch and Sonja Dominik

Armidale, May 2021
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Breeding for improved fertility of honey bees

E.A. Frost”?, N.C. Chapman?, R.G. Banks' and S. Hermesch'

'Animal Genetics Breeding Unit, a joint venture of NSW Department of Primary
Industries and the University of New England, Armidale, NSW 2351, Australia

ZNew South Wales Department of Primary Industries, Paterson, NSW 2421, Australia

3University of Sydney, School of Life and Environmental Sciences, Behaviour Ecology
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Abstract

Honey bee (4pis mellifera) colony productivity and fitness is dependent on queen and drone
quality, a culmination of the larval rearing environment, sexual selection and beekeeper-driven
trait selection and management. Selection for both production and fertility traits of honey bees
is not widely practised across commercially managed populations as it is in other livestock spe-
cies. Scant research has been undertaken on drone and queen phenotypes, reproductive produc-
tivity and performance as it relates to selection for fertility traits. The opportunity for increased
hive productivity through maximising fertility traits, in tandem with established commercially
important colony level traits in honey bees exists globally. In this review, research on the char-
acterisation, heritability, and breeding of known fertility traits of honey bees is discussed and
recommendations are given on the most practical candidate traits for selection.

Introduction

Honey bees are vital for global food security and contribute $14 billion AUD per annum to
Australian agriculture and horticulture industries through pollination services (Karasinski,
2018). The Australian beekeeping industry, however, is maintained primarily by honey pro-
duction as its main source of income, not pollination. In order to sustain a productive industry,
selection for economically valuable traits must be prioritised. Valuable traits such as pest and
disease resistance, seasonal population growth and honey production are characterised as be-
ing moderately to highly heritable (Oxley and Oldroyd, 2010). Few of these traits have been
continuously and simultaneously selected for in Australia and subsequent improved stock dis-
seminated widely. Internationally, systematic selection has primarily been undertaken in pop-
ulations managed for research, for traits such as hygienic behaviour (Spivak and Reuter, 1998;
Spivak and Reuter, 2001), Varroa sensitive hygiene (Biichler et al., 2010; Danka et al., 2011)
and pollen hoarding (Hellmich et al., 1985; Page and Fondrk, 1995). Selection for production
traits, such as honey production and population growth, which underpin industry viability has
been neglected. Productivity trait characterisation and heritabilities in honey bees have been
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described, with established selection methods making meaningful genetic improvement possi-
ble for these traits within commercially managed populations (Brascamp, 2016). The opportu-
nity also exists, given the variability in honey bee fertility traits, to include these heritable traits
in breeding programs (Biichler et al., 2013; Rhodes, 2011).

While fertility trait selection is not systematically practised in large-scale honey bee breeding
programs, brood viability is an exception. This trait indicates the overall fitness of a queen,
how well-mated she is to an average of 12 or more drone sires with diverse sex alleles (compli-
mentary sex determiner) to herself, overall colony fitness, pest and disease resistance, and ca-
pacity for honey production (Oxley and Oldroyd, 2010). Brood viability is the top fertility trait
candidate for inclusion in breeding programs. The weak history of record keeping across the
industry and the unique method of reproduction of the species complicating the generation of
estimated breeding values (Brascamp, 2014) are no longer the top barriers to increased selec-
tion, considering ongoing advancements in data collection and analysis. Prioritisation of time
and cost of staffing for systematic record keeping as well as the will to initiate and commitment
to maintain record keeping are the major barriers.

Recording of many queen and drone fertility traits is time consuming, expensive, impractical
and is destructive if recording requires the death of the queen and drones. Fertility traits such
as queen weight, overall size and brood viability, which are non-destructive and may have the
greatest return on investment, should be prioritised for inclusion in bee breeding programs. In
this review the additional fertility traits described, which are currently expensive and impracti-
cal to measure at scale, provide further support for a focus on weight, size and brood viability
given their strong association with internal fertility traits.

Queen bee (dam) fertility traits

The queen is functionally the sole reproductive female in the colony. She influences commer-
cially important colony level production traits such as pollen hoarding and production of hon-
ey, propolis, royal jelly, and wax. This influence is primarily a result of her genetic contribution
and fertility traits such as mating quality, brood viability, body and reproductive organ size,
fecundity (i.e. egg production capacity and daily laying rate), and pheromone production. The
queen’s genetic contribution is via eggs and stored sperm from the multiple, haploid drone sires
she mated with early in her adult life. She releases sperm when an egg is to be fertilised, yield-
ing the diploid worker population. Through complex interactions between worker subfamilies
(the offspring of different sires), the queen and the environment, measurable colony-level phe-
notypes arise (Brascamp et al., 2016).

Critical to queen quality is the age at which a female larva is transferred (grafted) into a queen
rearing colony and initiation of royal jelly feeding triggers physiological changes from the
worker to queen bee development pathway. Investigations on the variation of queen grafting
age show queens raised from 1% instar fertilised larvae are higher quality adults, with greater
body size, longevity and egg-laying capacity, than queens raised from fertilised larvae over
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24 hours old (Biichler et al., 2013; Tarpy et al., 2011; Rangel et al., 2016). The larval rearing
environment and queen rearing methods must be managed to the highest recognised standard
methods as a prerequisite to fertility trait selection (Biichler et al., 2013). Any alterations to
this standard, such as larval age at grafting, queen rearing method and environmental variants
should be recorded so this information is available for modelling. Measurement of reproduc-
tive organs such as the ovaries and spermatheca are fatal, so evaluation through associated
traits such as external queen morphological characteristics including adult weight and overall
body size and brood viability are practical inclusions for commercial breeding programs.

Queen fertility traits are strongly linked to reproductive physiology which, while greatly af-
fected by the larval rearing environment, may also be influenced by genetic effects (Rangel et
al., 2016). Selectable fertility traits in queen bees include adult body weight, which is associ-
ated with ovary and spermatheca (sperm storage organ) size, and overall body size, which is
associated with queen attractiveness to drones at mating flights, mating success, fecundity, and
brood viability.

Queen weight and overall size

Queen weight and size is in part controlled by the age at grafting of the female larva, the larval
environment, nutrition and genetics. Queens which are highly fecund and long-lived are gener-
ally larger in overall body size, mate with more drones and have greater sperm storage capacity
(Tarpy, 2011). The larval diet fed to females can cause distinctly different phenotype develop-
ment (polyphenisms) based on differential gene expression (Evans and Wheeler, 1999; Evans
and Wheeler, 2000), influencing whether the larva will develop into a sterile female worker
or a reproductive female queen. The beekeeper controls this outcome through environmental
manipulations including colony management, supplemental feeding and grafting age.

Queen weight at adult emergence is a non-destructive, measurable fertility trait which shows
promise as an individual level trait which influences colony level honey production (Costa
Maia et al., 2018, Nelson and Gary, 1983). Queens which are larger in size at emergence also
store larger numbers of spermatozoa in their spermathecae, the organ that stores semen from
multiple males after mating, have greater submissive response from workers (retinue response)
or attractiveness, and mate with significantly more males (Tarpy, 2011; Rangel, 2016); all in-
dividual level queen quality measures which contribute to colony fitness. Significant correla-
tions between queen weight at emergence and colony quality, defined by honey production and
sealed brood area, have been shown (De Souza et al., 2013; Nelson and Gary, 1983).

However, uncertainty remains as to the most appropriate age at which queen weight should be
measured. Nelson and Gary (1983) weighed mated queens at 18 hours after removal from their
mating nucleus colonies, 8 days after storage and transit, and at the peak of a honey flow, how-
ever, nominating 12 days post-emergence as a “practical method of eliminating some of the less
productive queens.” At 12 days post-emergence, queens are still in their small mating colonies
and not yet transferred into a production colony, making this weight point a potential labour
saving and production increasing measure in the long term. Kahya et al. (2008) importantly
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showed weighing at emergence had no negative effect on the timeline to mating and onset of
egg-laying. A significant correlation (P<0.01) with queen weights at emergence to three days
after emergence (r = 0.572), at onset of egg-laying (r = 0.440), three days after egg-laying (r =
0.562) and one month after the onset of egg-laying (r = 0.808) was shown (Kahya et al., 2008).

In the context of an artificial insemination program, queen weight at emergence or 7 days
post-emergence, are the most practical assessment points given queen husbandry or insemina-
tion tasks occur at the same time respectively. Additionally, significant correlations between
weight at emergence and spermatheca diameter (r = 0.610) and volume (r = 0.607) support
weight at queen emergence (Kayha et al. 2008). While the highest correlation was weight at
emergence with weight one month after egg laying (r = 0.808), this time point is impracti-
cal given the recommended removal of a mated queen from her colony for sale starts at 21
days post emergence (Rhodes, 2011) and any further delay impacts on a commercial queen
producers’ income generation. Additional targeted research into correlations between age at
post-emergence weight and queen and colony phenotypes is needed.

Ovariole quantity

Larval age at grafting and the rearing environment influence the development of hypertrophied
reproductive organs in queen bees (Biichler et al., 2013). The development of ovaries, made
up of ovarioles, has had particular focus by Hepperle and Hartfelder (2001) and Kahya et al.
(2008). Ovariole quantity reaches its highest potential when female larval grafting age is be-
tween 0 to 24 hours post-emergence as a larva. After this it decreases with time. High ovariole
quantities provide a greater capacity for egg production with the flow on possibilities of maxi-
mising daily egg-laying rate, colony population growth rate, subsequent production and overall
colony fitness.

Although ovariole quantity is the preferred measure of ovary quality over ovary weight, which
varies according to both the quantity of ovarioles and the seasonally variable, resource-de-
pendent quantity of eggs and their stages of development within each ovariole (Kahya et al.,
2008), this measure requires fatal dissection. Additional research into ovariole quantity and its
relationship to queen weight at the timeframes already mentioned, would be useful. If they are
correlated, queen weight as a proxy for destructive ovary dissection would be the preferred and
more practical measurement.

Spermatheca size and storage capacity

Spermathecal measurements require unnecessary fatal dissection of the queen, given the signif-
icant correlation between the weight at queen emergence and the diameter of the spermatheca
(r=0.619) (Kahya et al., 2008) and the correlation of queen weight and spermatheca volume r
= 0.548 (n =38, P =10.0004), is also highly significant (Collins and Pettis, 2013). While sper-
mathecal size impacts spermatozoa storage capacity, the queen’s larval diet or environment (De
Souza 2018), availability of ample sires maintained in optimal temperature ranges, and con-
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ditions within which the newly mated queen is cared for all impact on spermatozoa migration
into the spermatheca (Ruttner and Koeniger, 1971; Woyke and Jasinkski, 1973; Bienkowska et
al., 2011). Spermathecal size alone does not guarantee the quality of the mating or subsequent
quantity of sperm given these effects. Additionally, standard methods for quantifying sper-
matozoa within the spermatheca are all destructive and under debate as to which is the most
accurate (Koeniger, 2005), further supporting queen weight as a proxy for dissection given the
significant correlations between queen weight and spermatheca size and volume.

Queen pheromone production

The queen’s production of pheromones affects the behaviour of her worker progeny and sub-
sequent colony-level traits. Queen pheromones influence her attractiveness to drones during
mating, the colony’s propensity to swarm, rearing of replacement queens, the age at which
workers begin foraging and foraging activity (Oxley and Oldroyd, 2010; Rangel et al., 2016)
and reproductive potential and suppression of the development of worker ovaries (Hoover et al.
2003). Research into queen mandibular pheromone requires destructive sampling and primar-
ily confirms that controlling the larval age at grafting and rearing environment has substantial
impact on queen pheromone production (Rangel et al. 2016). Queen mandibular pheromone
production affects colony productivity and therefore profitability, however, testing methods are
expensive and workers within a hive naturally replace queens with poor pheromone production
rendering testing for pheromone production impractical for industry adoption.

Fecundity - brood viability

Brood viability is measured by visual assessment of the percentage of viable brood within the
colony, generally scored on a scale or by measuring the area of viable brood. A measure of
queen fecundity, high brood viability is the culmination of extreme polyandry, virgin queen
fitness and complementary sex determiner allele diversity represented in available sires within
the drone congregation environment and subsequently in the mated queen’s spermatheca. De
Souza et al. (2013) found a significant positive correlation between queen body weight at emer-
gence, fecundity and colony quality. Soller and Bar-Cohen (1967) found a genetic correlation
of 1.12 between total brood area and total honey production, citing an estimate greater than
1.0 due to sampling variation. They suggest brood area measurements prior to a major nectar
production could serve as a proxy measurement for honey production. This hypothesis should
be tested in diverse biogeographic regions within Australia where variable nectar production
events from endemic species occur. Soller and Bar-Cohen (1967) estimated the heritabilities,
calculated from variance components, of total brood area for winter and spring and brood area
before the start of a major nectar production event of 0.76 and 0.33 respectively, however, more
current estimations with a larger sample size are recommended.

Soller and Bar-Cohen (1967) indicate that the queen’s daily egg-laying rate during the period

before a nectar production event has the greatest influence on brood area and colony level
honey production. The study did not include estimation of heritabilities of the queen’s rate of
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egg-laying but supports optimal rearing practices and selection for queens with higher overall
body weight and likely greater quantities of ovarioles for increased daily laying rate and brood
production. An increase in brood viability record inclusion in breeding programs is highly
recommended as it minimises inbreeding and increases brood viability leading to greater prof-
itability.

Predisposition for drone production

It is a function of queen bee biology that later in life she has a propensity to lay greater quanti-
ties of unfertilised eggs which develop into drones. In the author’s experience and anecdotally,
there is also variation between older queens’ propensity to lay unfertilised eggs yielding drones
(Joe Horner, personal communication, 1 February 2018), potentially having substantial impact
on bee breeding program work plans. Further research is needed into the queen’s propensity
to lay unfertilized drone eggs, the colony’s propensity to support greater numbers of drones,
the heritability of these behaviours and seasonal effects on egg-laying and care propensities in
queens and workers respectively, in order to maximise the bee breeders’ ability to have ample
sires available for uncontrolled mating or for semen collection in controlled mating.

Drone (sire) fertility traits

Drones influence a colony’s reproductive fitness by successfully mating with a queen and con-
tributing genes to the next generation (Oxley and Oldroyd, 2010). As the neglected caste with-
in research and breeding, drone fertility traits are generally not actively selected for, despite
their reproductive success being a potential major proponent of natural selection in honey bees
(Kraus et al. 2003).

Taha and Algarni (2013), Rhodes et al. (2011), Fisher et al. (2018), Kumar and Kaur (2003),
Rousseau et al. (2015) and Zaitoun et al. (2013) show that drone fertility traits, specifically
semen volume and sperm viability, are affected by both genotype and environment. Rhodes
(2011), Rangel and Fisher (2019), and Yaniz et al. (2020) reviewed the available literature on
drone reproductive health measures and factors affecting them, including genetics. Known
fertility traits in drones include body weight, age to sexual maturity, senescence onset, genital
morphology, and sperm competition due to phenotype, motility, sperm production and semen
volume. Described management factors affecting drone quality for fertility traits include the
larval environment, age at mating, pesticides in the external or internal hive environment, and
parasite loads (Rangel and Fisher, 2019). Ideally these management factors are known and con-
trolled to ensure fertility traits can be measured accurately. Abiotic factors affecting drone qual-
ity during semen collection for artificial insemination include sperm processing and storage
which, when undertaken with good hygiene and using standard protocols (Cobey et al., 2013)
will have negligible influence on sperm viability or motility. Selection for fertility traits, partic-
ularly semen volume, sperm viability, drone longevity and any nonfatal proxy measurements
for these traits, could be advantageous for the majority of queen breeders who do not control
queen mating, where mating occurs in areas of unknown unmanaged colony population density
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and phenotypes. Selection for drone fertility traits could both increase their reproductive com-
petitiveness and decrease the generation time needed to make both fertility and production trait
increases through the commonplace “open-mating” system of queen production in which mat-
ing is not fully controlled. Metz and Tarpy (2019) showed that drone reproductive physiology
is more highly variable than previously thought, thus the need for further research into related
traits. Heritability of currently described drone fertility traits are not known.

Weight

Different genetic lines, parasite pressures and rearing practices produce drones differing in adult
body weight at emergence and sexual maturity, which is a contributing factor to reproductive
competitiveness (Berg et al. 1997; Jarolimek and Otis, 2001; Schliins et al. 2003; Hrassnigg
and Crailsheim, 2005). There is a correlation between body weight and spermatozoa quantity,
with larger drones producing more spermatozoa than smaller drones (Rinderer et al. 1985;
Schliins et al. 2003). Rinderer et al. (1985) compared weights of “young, apparently freshly
emerged drones” collected within Africanized and European field colonies with spermatozoa
counts from drones collected on their return flight from unsuccessful mating to their field col-
ony. Schliins et al. (2003) manipulated rearing practices to produce both normal and small size
drones which were sexually mature when analysed. In addition to producing more spermatozoa
larger drones also have greater reproductive success than smaller drones (Berg et al. 1997).
Management factors and selection can be employed to maintain large drone body size and as-
sociated reproductive competitiveness (Biichler et al., 2013).

Sperm production

Koeniger (2005) previously cautioned against general conclusions about differences in sper-
matozoa present in the semen load, citing the possibility of errors in counting between multiple
studies. Rhodes (2011) echoes Koeniger’s concerns, arguing that large differences in sperm
counts may be due to the semen source, either ejaculate or seminal vesicle loads (Woyke,
1960; Schliins, 2003; Anderson, 2004). Additional caution toward spermatozoa estimation is
provided by Mazeed and Mohanny (2010) given their findings, albeit in a small sample size,
that older drones had fewer total spermatozoa in all reproductive organs than younger drones.

Nonetheless, selection for greater sperm production is possible. Rhodes’ thesis (2011) notes
season and age effects must be accounted for, finding drones across four distinct genetic
lines produced significantly more sperm when reared in autumn than spring and summer, and
21-day-old drones produced more sperm than 14- and 35-day old drones. Drones from the four
distinct lines were reared in separate colonies in the same apiary and given the same quality and
quantity of supplemental feed. As a result, environmental effect or rearing in different colonies
would have the largest effect followed by season effect on sperm numbers, genetics and age at
sampling effect. Spermatozoa estimation is destructive and time consuming and will require
careful management for environmental effects. However, selection for increased sperm produc-
tion would be particularly helpful to increase reproductive competitiveness of selected stock in
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breeding programs managed through uncontrolled open mating, as well as in artificial insem-
ination given the limiting factor of sperm production and semen volume on the total number
of possible queen inseminations. The cost-benefit of spermatozoa estimation must be carefully
considered before further recommendation for inclusion in the wider queen breeding program.

Semen volume

Greater semen volume contributes to sperm competition as the frequency of a drone’s worker
offspring within a colony is strongly related to the drone’s semen volume, with no signifi-
cant effect of the insemination sequence of semen from different drones used to artificially
inseminate queens (Schliins, 2004). Greater worker subfamily frequency yields an increased
likelihood a new queen will be reared from this subfamily (Kraus et al., 2003). Different ge-
netic lines produce drones which vary in ejaculate volume and sperm numbers between them
(Rhodes et.al., 2011; Taha and Algarni, 2013). Heritability of semen load volume is not known,
and volume can be altered by seasonal and age effects in addition to genetics. Rhodes (2011)
also found a genetic basis for semen release during manual drone eversion, which is a highly
important consideration for breeding programs using artificial insemination.

Heritability studies should employ longitudinal measurement of drone semen volumes from in-
dividuals reared in different seasons from different lines within a closed breeding program that
incorporates high semen volume into estimated breeding values for sires. Breeding programs
employing artificial insemination should concurrently select for increased probability of semen
release on manual eversion, as this is a large factor in wastage. Given Rhodes (2011) found a
correlation of 0.54 between sperm number and semen volume, with little variation when age
effect was added, selection for semen volume alone could serve as a proxy for sperm number
selection, an expensive task from a labour perspective. Semen volume could be estimated with-
in breeding programs utilising artificial insemination.

Sperm viability

Sperm viability is an expression of colony fitness, directly impacting on brood viability, the
quality of queen mating and queen longevity. Unlike mammalian livestock, testing for honey
bee sperm viability (i.e. — motility, morphology, mortality) is rare outside of research (Yaniz
et al., 2020) and destructive; therefore, visual assessment of brood viability is likely the most
practical substitute for industry adoption.

Miscellaneous traits

Additional potential fertility traits such as drone genital morphology, sperm competition, age
to sexual maturity and onset of senescence are either too destructive, costly or difficult to
measure, negating any benefit of their inclusion in breeding programs. Age to sexual maturity
may be a possible exception due to its importance in controlled mating programs or business
diversification where drone semen is an output.
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Conclusion

Published studies on honey bee fertility traits of value in commercial enterprises focus on bi-
otic and genetic factors affecting reproductive castes’ expression of these traits with minimal
focus on heritability or economic value. The minimal focus to date on heritability estimates and
trait effect on profitability necessitates additional research into queen and drone weight, queen
size and brood viability in order to determine their value in bee breeding programs. Once heri-
tabilities are described, further research on the heterotic effects of specific crosses and the effect
of intracolony interactions between subfamilies on colony fitness and production would benefit
the ongoing viability of commercial enterprise by enabling more targeted selection.
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