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Abstract — Pedigree analyses describing gene pool and genetic diversity frequently have been performed for
multiple livestock species. In honey bees, comparable studies are not yet available, and therefore, we aimed to
investigate the genetic diversity of two Austrian Apis mellifera carnica breeding populations by means of pedi-
gree analysis. Honey bee breeding programs in Austria get administered by two breeding associations, the ACA
and the ZAC!. Their respective reference populations comprised the birth years 2019 and 2020 and resulted in
2.675 breeding queens within the ACA and 1.286 queens within the ZAC! population. From the total of 1.015
ACA founder queens, 13 founders represented 50% of the gene pool; for the ZAC! population (624 founders
in total), 21 founders were responsible for 50% of the segregating alleles. The genetic diversity indices like
effective numbers of founders (f,), ancestors (f,), and founder genome equivalents (1,) are capable to determine
unbalanced breeding practices, occurrence of genetic bottlenecks, and genetic drift in the respective population
histories. The values obtained (ACA/ZAC!: f,=71/125; f,=30/48; n,= 18.7/21.6) demonstrated genetic loss due
to unbalanced, excessive use of single breeding animals within the ACA population. The slightly lower loss in
diversity within the ZAC! population can be attributed to a smaller active population number. As a consequence,
both populations exhibit moderate decrease of genetic diversity, which is comparable to mammal livestock with
small or limited population size.

Apis mellifera carnica / Genetic diversity / Gene pool / Founder contribution / Pedigree analysis

1. INTRODUCTION

The Carniolan honey bee (Apis mellifera
carnica), shortly named Carnica, can be consid-
ered as the predominantly used genetic stock for
queen breeding and honey production in Central,
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Eastern, and Southeastern Europe (Lodesani and
Costa 2003; Hoppe et al. 2020). The area of ori-
gin of this subspecies is defined by the natural
borders of the alps in the northwest, the Car-
pathian Mountains in the northeast, the Medi-
terranean Sea in the southwest, and the Alba-
nian alps in the south (Ruttner 1988). From an
evolutionary and phylogenetic point of view, A.
m. carnica belongs to the so-called C-lineage, a
genetic cluster which developed about the last
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glacial maximum (13.000-38.000 BC) out of the
common Middle Eastern ancestor A. mellifera
(Wallberg et al. 2014). Beside natural selection,
humans have contributed to shaping the current
diversity of honey bees by means of migration,
novel management techniques, and selective
breeding.

In Austria, selective breeding on a broader
scale, i.e., with significant impact on population
structure, started between the beginning and
middle of the twentieth century. Here, single
breeders established local founder populations
by mass selection within the first generations and
line breeding programs in the following genera-
tions. These breeding programs were all based
upon the establishment of so-called mating sta-
tions. Further on, the discovery of multiple mat-
ing in the honey bee in 1954 (Ruttner 1956) led
to the use of multiple drone-producing daughter
queens descending from one sire colony (4a)
per mating station and to the establishment of
pedigree nomenclature and studbook keeping in
honey bee breeding.

After World War 11, Prof. Friedrich Ruttner
introduced breeding and performance testing
programs following modern principles of ani-
mal breeding and genetics (Ruttner 1972). In
order to control inbreeding growth, the mating
concepts were based on rotating line breeding
or breeding in semi-isolated groups (Pirchner
cited in: Ruttner 1996). In the early 1990s, Prof.
Kaspar Bienefeld introduced BLUP breeding
value estimation (EBV) methods in Germany and
substantially initiated a change in contemporary
international bee breeding concepts (Bienefeld
et al. 2007). Parallel to the implementation of
EBV in Germany from 1992 to 1994, the data-
base system BeeBreed (www.beebreed.eu) has
been developed, which subsequently advanced
to an online database tool enabling breeders and
breeding associations to store and manage pedi-
gree and phenotypic data necessary for the yearly
calculations of breeding values. Since 2002, the
Institute for Bee Research Hohen Neuendorf e. V.
(LIB) also administrates the breeding programs
for foreign breeding associations and several
honey bee breeds and populations, respectively
(Hoppe et al. 2020). Thus, the basic concepts
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of contemporary international EBV-assisted
breeding programs rely on mass selection within
semi-open studbooks and on the maximization
of breeding values by simultaneous control of
inbreeding growth (Bienefeld et al. 2007; Hoppe
et al. 2020).

In Austria, Carnica breeders joined together in
1992 into the ACA breeding association (Austrian
Carnica Association), an association that was in
the beginning strongly associated to the Honey Bee
Research Center Lunz am See. A breeding program
including EBV methods was established in 1994
following a method developed by Willam and Essl
(1993) using selection index theory according to
Lush (1947). In the years 2002 and 2003, the ACA
split into two breeder associations—the Zentrale
Arbeitsgemeinschaft Osterreichischer Carnicaziichter
(ZAC!) and the ACA. In 2002, the ACA joined the
BeeBreed administered international breeding pro-
grams. The ZAC! further developed the original
breeding program of the ACA and switched to EBV
following methods of Brascamp and Bijma (2014)
and Brascamp et al. (2016) since 2017. Pedigree
records and phenotype information of the ZAC! are
managed by the online database BeeData (www.
biene-oesterreich.at), established in 2002. As a con-
sequence, two separate populations of A. mellifera
carnica developed in Austria, both mainly originat-
ing from a same founder population existing between
1992 and 2002. In Austria, 390.607 honey bee colo-
nies (including estimated number of 250.000 colo-
nies of A. m. carnica) have been registered in total
for the year 2019 (Boigenzahn et al., 2020). Within
the same year, 1.529 colonies took part in the breed-
ing program of the ACA and 452 colonies were
tested in the ZAC! breeding program. As a result,
about 1.0% of Austrian Carnica honey bee popula-
tion is involved in controlled breeding. Contempo-
rary Austrian honey bee mating systems are firmly
founded on controlled and legally certified mating
stations, mostly located in isolated alpine valleys.
For the ACA, in total, 32 mating stations (28 to 30
stations are considered “purebred”’ stations, i.e., using
several full sib daughters out of one 4a colony) were
used for 2019/2020, and the ZAC! administrated
10 alpine “purebred” mating stations throughout
2019/2020. From, in total, 2.675 ACA queens born
in 2019 and 2020, 2007 queens (75%) were mated
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on controlled mating stations. 337 queens (12.6%)
got inseminated, and 290 ACA queens (10.8%) were
mated in an uncontrolled way. Within the ZAC!
breeding program, artificial insemination plays a
minor role, and more than 90% of 1.286 queens were
mated on controlled “purbred” mating stations.

Pedigree information and its analysis represent a
special field of animal breeding science. Through-
out the last three decades, numerous publications
have described the genetic structure and the effects
of selection programs of different livestock breeds
based on the analysis of levels of inbreeding and
founder contributions (Cunningham 1991; Gandini
etal. 1992; Moreaux et al. 1996; Boichard et al. 1997,
Zechner et al. 2002; Aberle et al. 2003; Druml et al.
2009, 2016). Early (pre-digital) scientific pedigree
analyses were limited to case studies of population
samples and investigated the origins of British Short-
horn cattle by means of average inbreeding, coances-
try within populations, coancestry of selected indi-
viduals to the population, coancestry between breeds
or populations, and generation interval (Wright and
McPhee 1925).

Another approach, based on the calculation
of probabilities of gene origin, was proposed by
Dickson and Lush (1933) for the first time and
later on adapted for bigger pedigrees by McCluer
et al. (1986). In the beginnings of the 1990s, Lacy
(1989) introduced the parameters “effective num-
ber of founders” and “effective number of founder
genomes” to describe genetic variability in zoo
populations. A comprehensive survey of the state
of the art in pedigree analysis was provided by
Boichard et al. (1997), who also introduced the
parameter “effective number of ancestors,” thus
accounting for bottlenecks in pedigrees.

In the meantime, the tools as described by
Boichard et al. (1997) have frequently been
applied to investigate gene pool, genetic diver-
sity, inbreeding, and effects of selection pro-
grams in nearly all livestock species. Although
pedigree documentation plays a major role in
honey bee breeding, studies describing gene
pool and genetic diversity of honey bee popula-
tions have not been published yet. In this study,
we aim to investigate the genetic structure and
genetic diversity of two Austrian Carnica honey
bee populations, managed by two different

breeding associations, the ACA and the ZAC!,
using comprehensive pedigree information.

2. MATERIALS AND METHODS

2.1. Pedigree data and pedigree
nomenclature

Pedigree recording in honey bees slightly
differs from other livestock species due to their
specific nature of reproduction and coancestry
within colonies. As a consequence, a pedigree
nomenclature, that illustrates both the queen
pedigree and the colony pedigree (Figure 1),
has been developed (Ruttner 1972). The queen,
referred to as 1a, descends from her mother (2a)
that was mated to the drones of daughters (2b)
from a so-called sire colony with a 6a queen.
On colony level, the workers of the 1a colony
descent from their mother, the 1a queen, and
paternally from drones of different full sib 1b
daughters out of a 4a queen. In general, the 4a
colony, i.e., the 4a queen and its mating partners,
also are termed sire colony of 1a. In the database
systems of BeeBreed and BeeData, pedigree
information is stored by the input of the registry
number of the 1a queen, the registry number of
the mother 2a, and the registry number of the 4a
queen. In order to generate a queen pedigree on
population level, which is the basis for the analy-
sis of gene pool and genetic diversity in honey
bee breeding populations, it was necessary to
generate the so-called 1b dummy sires (drone-
producing full sib daughters of the 4a queen) and
further on to link them to their respective 2a mat-
ing partners throughout the population pedigree.

The pedigree files were built stepwise, finally
leading to dams and sires without known parents,
so-called founder dams and founder sires. In
total, 43.854 individual records from the years of
birth of 1953 to 2020 were available for the ACA
population and 17.526 records from the years of
birth of 1997 to 2020 for the ZAC! population.
In a first step, we generated 1b dummy individu-
als out of the 4a mothers and linked them to the
la and 2a queens. The resulting queen pedigree,

INRAZ $D|B @Springer



*(suorjeziue3io JUIpaaIq JO SUIISAS

9SBQ BIEP UT POPIOJDI S(I] SIBIIPUT SI9339] P[oq ‘uaanb 1od souoip pajewr Jo roquinu aferoAe=p ‘uone)s Sunew uo susanb Suronpoid duoip qIs [[nJ Jo JOqQUNU=H {JOqUIAS

sauoIp= O ‘[oquis usanb= & ‘das uonersuss = morre Junew =, :9a2131pad usanb oy SreoIpUr soxoq Aeig) da18Ipad Auo[0d 93q ASuoY B Jo SIME[OUSWON T a3

599 bjoo p
,241s Awwnp qg,, | * 689

E ]
°
2 & v qis||ny b jo ssuoup o p sep & 9z qIs||ny b jo ssuoup o p e
g ,341s Awwnp qp, * ,ad1s Awwnp qz, *
=
a

4a41s Awwnp qrt,,
& 9T qIs|iny b Jo sauoip o p se1

|

92481pad usanp

(
Y
99481pad Auojo)

24 Page4of 15

INRAZ €DIB &) s

prlnger



Founder gene pool composition and genealogical structure

Page 5of 15 24

in two populations...

defined by the ID triplet 1a (individual queen),
2b (dummy sire), and 2a (dam), was further com-
plemented by the founder animals, i.e., individu-
als with missing sires or dams, respectively. At
this stage, the ACA pedigree comprised 47.196
individual records and the ZAC! pedigree 18.883
individual records.

The reference populations, i.e., the actual
breeding populations, were defined by the fol-
lowing assumptions: queens born in 2019 and
2020 and sires (1b queens) of mothers (4a) born
in 2016 or later. These restrictions resulted in
an active breeding population of 2.675 animals
(30 sires (1b); 2.645 females (1a)) in the ACA
population and 1.286 queens (26 sires (1b);
1.260 females (1a)) in the ZAC! breeding popu-
lation. Pedigrees for both reference populations
were built up generation by generation using the
raw pedigree data. The finally extracted ACA
pedigree comprised 4.079 individual records and
reached a maximum pedigree length of 23 gen-
erations with the oldest entry in the year of 1985.
The pedigree of the ZAC! population consisted
of 1.830 individual records with its oldest regis-
tration in 1995. As a consequence of this method,
pedigree information is available for each queen
and generation.

2.2. Methods

Pedigree data were used to calculate the fol-
lowing measures of genetic variability: effec-
tive numbers of founders (f,), ancestors (f,), and
founder genome equivalent (n,), as described
by Boichard et al. (1997). The effective num-
ber of founders (Eq. 1) is defined by the number
of equally contributing founders that would be
expected to generate the observed genetic diver-
sity in the reference population (Lacy 1989).

1
= 1
Zjlcc—lqlz M

Here, f represents the number of founders, and
g, is the genetic contribution of the kth founder
to the reference population. In the case of equal
founder contributions, the effective number of

Je

founders will be the total number of founders.
When breeding animals are used in an unbal-
anced way, the effective number of founders can
be smaller than the total number of founders.
Additionally, the effective number of ancestors
(f,) takes the occurrence of genetic bottlenecks
in pedigrees into account (Boichard et al. 1997).
It represents the minimum number of equally
contributing ancestors, i.e., influential breed-
ing animals (they may be founders or not) that
are necessary to explain the genetic variation in
the reference population. The expected marginal
contribution (pj) of each ancestor (j) represents
its expected genetic contribution without con-
tributions from other (related) ancestors. The
ancestors get selected iteratively, according to
their marginal contribution (p,). p; is defined as
the kth ancestor contribution not yet accounted
for by the (k-1) ancestors already chosen. Then,
this procedure will be iterated, until all contribut-
ing ancestors are defined (Eq. 2).

1
Zi—lpi (

Py 1s the marginal genetic contribution of the kth
ancestor not accounted for by the previous (k—1)
ancestors, whereas fis the number of ancestors.

The founder genome equivalent (n,) accounts
for unequal founder contributions, pedigree
bottlenecks, and random loss of alleles due to
genetic drift (Lacy 1995) (Eq. 3). This measure
of genetic variability is estimated by so-called
gene-dropping procedures, where two alleles
per founder get segregated iteratively through
the pedigree in order to determine the allele
retention.

Ja

_ 1
()

fis the number of founders, p, is the genetic
contribution of founder &, and r is the allele
retention.

Whereas the summing-up of founder contri-
butions (g;) and ancestor contributions (p;) can
correctly be performed on basis of a queen pedi-
gree, the estimation of relationship and further

n
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on of inbreeding will be affected by honey bee
specific nature of reproduction. On the maternal
side, 50% of genes will be transmitted to the next
generation resulting in a relationship coefficient
(R) of 0.5 between dam and daughter. On the
paternal side, the relationship between offspring
deviates due to polyandry. Virgin queens on a
mating station will have the opportunity to mate
different drones, which originate from ¢ full sib
drone producing queens. As a result, relation-
ship and further on inbreeding will be overesti-
mated when using a honey bee pedigree includ-
ing single dummy sires on the paternal side of
pedigree triplets (comp. Supplementary file 1).
Bienefeld et al. (1989) were able to show that
honey bee relationship coefficients between off-
spring queens can be approximated by a function
of average number of drones d mating a dam and
the number g of drone-producing queens on a
mating station. Instead of an expected relation-
ship between full sibs of R=0.5 in diploid organ-
isms, the approximation in honey bees results in
a coefficient of 0.401 assuming g=12 and d=8
(Bienefeld et al. 2007; Supplementary file 1). In
this paper, we calculated inbreeding according
to the queen pedigree build up upon “2b dummy
sires,” which results in overestimated estimates,
that further can be used only to compare differ-
ences between the studied queen populations of
ACA and ZAC!.

Inbreeding coefficients were calculated for indi-
viduals considering five generations (F’s) according
to the method of Meuwissen and Luo (1992). The
quality of the underlying pedigree information is
described by the complete generation equivalent
and the completeness of the pedigree. The complete
generation equivalent is computed as the sum over
all known ancestors of the terms computed as the
sum of (1/2)n where n is the number of generations
separating the individual to each known ancestor
(Maignel et al. 1996). We further described the gene
pool of both breeding populations by means of indi-
vidual founder contributions and ancestor contribu-
tions, which can be derived from the average relat-
edness matrix (AR) by the relationship of founder;/
ancestor;, to individual; of the reference population
(Gutiérrez and Goyache 2005). The genealogical
structure, i.e., the structure of maternal lines within
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populations, was studied and graphically visualized
using the software Pedigraph (Garbe and Da 2003).
The genetic diversity parameters f,, f,, inbreeding
and pedigree completeness, and individual founder
and ancestor contributions were calculated using the
software package ENDOG (Gutiérrez and Goyache
2005). The effective number of founder genomes
n, was determined with the PMX software package
(Lacy et al. 2012). Statistical analyses and the pro-
cessing of raw pedigree data were performed using
the software package SAS studio 3.8 (SAS 2018).

3. RESULTS

The ACA reference population comprised in
total 2.675 queens, from which 2.261 queens
descended from 110 sires and 429 dams. For 414
queens, the sire was not known. Of these 414
queens, 29 animals also had an unknown dam.
Thus, 414 queens within the reference/testing
population of 2019 and 2020 represented founder
animals, which can be regarded as foreign Car-
nica gene-flow, i.e., integration of foreign Car-
nica genetics into the ACA studbook. A similar
situation was observed within the ZAC! refer-
ence population. Here, 1.478 queens originated
from 29 sires and 162 dams. For 352 queens, the
sire was not known. They might originate from
other Carnica breeders, other Carnica breeding
associations, or unbred, wild Carnica colonies.

The quality of the pedigree information can
be described by the maximum number of genera-
tions, the completeness of pedigree information
per generation (Figure 2), and by the so-called
generation equivalent, which is the average num-
ber of fully documented generations (Table I).
The pedigree completeness, as illustrated in
Figure 2, showed differences between the two
breeding associations from generation one to
generation five. In the second generation, 80.6%
of ancestors were known in the ACA popula-
tion. For the ZAC! population, this percentage
comprised 63.4%. The decline in pedigree docu-
mentation was faster for the ZAC! studbook than
for the ACA studbook, but in generation five,
the percentage of known ancestors (ca. 35%)
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Figure 2. Percentage of known ancestors per generation for the ACA and ZAC! Carnica honey bee pedigrees.

was almost the same for both breeding associa-
tions. This difference in pedigree documenta-
tion has been confirmed by the mean generation
equivalent, where active ACA queens provide
on average 3.8 generations of fully documented
pedigrees and active ZAC! queens provide on
average only 3.3 generations of fully documented
pedigrees.

For the reference populations of the ACA and
the ZAC!, the mean inbreeding coefficient cal-
culated on the basis of five generations reached
3.0% or 2.1%, respectively (Table I).

Considering only inbred animals of both refer-
ence populations (53.6% of the ACA and 40.2%
of the ZAC! population were inbred), the mean
generation equivalent of both samples increased

to five fully documented generations on average
and the mean inbreeding level was about two
times higher than in the original reference popu-
lations (Table II).

The indice effective number of founders (f,),
effective number of ancestors (f,), and effective
number of founder genomes (r,) are used as indi-
cators for the genetic diversity. In total, the ACA
reference population is based on 1.015 founder ani-
mals. The reference population also included 414
founders out of in total of 1.015 founder animals.
These 414 founder queens thus represent recent
immigration of foreign Carnica genetics into the
ACA population of breeding queens. This novel
immigration gene pool can be quantified by 9.2%.
The f, value for the ACA reference population

Table I Mean inbreeding values (F=inbreeding based on 5 generations and complete generation equivalent
for the two Carnica honey bee populations of the ACA and the ZAC!

Population Reference Pedigree size Max. number of Generation F;
population generations equivalent

ACA 2675 4079 23 3.75 2.99+5.03

ZAC! 1286 1830 13 3.29 2.13+3.97
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comprised the number of 71, and 32 founders
were necessary to explain 50% of the ACA gene
pool (Table III). The f, value was 30, and 13 influ-
ential breeding animals accounted for 50% of the
gene pool. The founder genome equivalent (n,)
comprised a value of 18.68. In Figures 3 and 4,
the contribution of single founders and ancestors
to the ACA gene pool is illustrated (Supplemen-
tary file 2). In addition, it was possible to assign
founder animals to the country of their origin for
the ACA population. 231 founder animals of in
total 1.015 founders were re-imported from the
German breeding associations DIB (Deutscher
Imkerbund) or AGT (Arbeitsgemeinschaft Tol-
eranzzucht), respectively. Currently, these foun-
dation breeding queens account for 53.5% of the
current ACA gene pool.

For the ZAC!, the novel Carnica immigration
gene pool comprised 13.8% originating from 352
“neo” founder individuals among the reference
population. The diversity indices of the ZAC!
population were generally higher with f, =125,
J.=48, and n,=21.60. Here, 50 founders or 21
influential breeding animals, respectively, con-
tributed to 50% of the ZAC! Carnica gene pool
(Table III, Figures 3 and 4, and Supplementary
file 3).

The genealogical structure, as defined by
maternal lines, was extracted for both breeding
populations. The ACA population is character-
ized by in total 291 maternal lines, of which 133
lines were represented by 2.645 active breed-
ing animals. The other 158 lines died out, i.e.,
did not contribute living animals to the current
breeding population (Supplementary file 4). Of
the 133 breeding lines, 74 genealogical strains
(Table V) can be regarded as a result of novel
genetic immigration (comp. foreign Carnica
gene-flow in Supplementary file 2, Table V).

D. Thomas et al.

The remaining 59 maternal lines thus repre-
sent the basic genealogical structure of the ACA
breeding population (Table IV). The majority
of queens (n=2.319) were members of these
basic maternal lines, 22 of these lines could be
assigned to German founder queens (1.338 living
animals), one line had a Croatian background (39
living animals), and 36 maternal lines were of
Austrian origin (942 living animals) (Table IV).

The integration of foreign Carnica genetics
into the ACA population of breeding queens
was demonstrated by 74 novel immigration lines,
which again could be split in a group of Ger-
man origin (48 lines with 258 active queens) and
an Austrian group containing 26 introgression
lines with 68 living queens (Table V). The fam-
ily sizes (number of living queens per line) were
highest in the German genealogies (mean fam-
ily size =60.8 queens per line) and lowest in the
Austrian maternal lines (mean family size =26.2
queens per line) (Table IV). Also, a similar struc-
ture was obtained for the novel introgression
lines (Table V).

The ZAC! breeding population was genea-
logically structured by 142 maternal lines
in total, for 102 lines living offspring could
be determined (Supplementary file 5). Here,
a novel immigration pool was observed too,
consisting of 56 breeding lines that were
recently added and that comprise a total of
450 living queens. The long-term breeding
stock harbored 46 different of the so-called
traditional lines represented by a total of 836
family members. The mean family sizes were
smaller than overserved in the ACA popula-
tion, as they comprised on average 8 living
queens per line within the introgression lines
and 18.2 living queens per line in the original
maternal lines (Table VI).

Table II Mean inbreeding values (Fs and complete generation equivalent (average number of complete gen-
erations)) for the two inbred Carnica honey bee populations of the ACA and the ZAC!

Population Reference Inbred reference Generation Fq
population population equivalent

ACA 2675 1435 4.86 5.59+5.72

ZAC! 1286 517 5.48 5.32+4.73
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Table III Diversity indices effective number of founders (f,), effective number of ancestors (f,), and effective
number of founder genomes (12,.), number of founders, number of founders contributing to 50% or 75% of gene
pool, respectively (founders 5, 75), number of ancestors, number of ancestors contributing to 50% or 75% of
gene pool, respectively (Ancestors s, 75), for the two Austrian Carnica honey bee populations

Population Founders Founders 54/ 75 Ancestors Ancestors sy 75 fe fa n,
ACA 1015 32/107 610 13/55 71 30 18.68
ZAC! 624 50/125 501 21/72 125 48  21.60

4. DISCUSSION

A. m. carnica can be regarded as a transbound-
ary breed with multiple subpopulations spread
across the European and North American conti-
nents. In Europe, the international breeding pro-
gram “Beebreed” exists, which is administered by
the LIB and currently supports Carnica breeding
associations of 18 European countries. As usual in
honey bee breeding, the Carnica breeding programs
are characterized by semi-open studbooks, i.e., they
allow the use of Carnica breeding animals, which
did not belong to the own breeding population. In
this study, we were able to quantify such introgres-
sion of foreign Carnica genetics, which comprised
for the ACA studbook 53.5% of the entire gene
pool represented by 71 maternal lines of a total of
133 lines. For the ZAC! population, the origin of
the founders could not be traced since they stem
from a split-off the ACA breeding population in
2002, but within the active breeding populations of
both Austrian breeding associations, the so-called
“neo”’-founder animals were detected. The genetic
contribution of those founders (foreign origin or
no pedigree available) to the ACA gene pool was
9.2% (414 founder queens) and 13.8% (352 founder
queens) for the ZAC! gene pool.

Such constant genetic admixture nominally
decreases the overall coancestry within a popu-
lation resulting in underestimated inbreeding
levels, as the inbreeding coefficient is directly
related to the amount of pedigree documenta-
tion available. For the ACA reference popula-
tion, a mean F'5 coefficient of 3.0% and for the
ZAC! reference population a F5 of 2.1% were
estimated (overestimated values, as underlying
paternal pedigree relationship was not approxi-
mated using the method of Bienefeld et al.
2007). In order to determine the lower border
of genetic variability within the two Austrian
Carnica breeding populations, we limited the
reference populations to animals with a full
pedigree record (the mean generation equivalent
is approximately 5). This resulted in 1.435 active
breeding queens (53.6%) of the ACA breeding
population and 517 active breeding queens
(40.2%) of the ZAC! breeding population. As
expected, we observed an increase of inbreeding
for about two times (F5=5.6% in the ACA and
F=5.32% in the ZAC! breeding population). In
general, the estimation of inbreeding in honey
bees can be biased by several factors: incorrect
pedigree documentation, deviation of paternal
ancestry due to reduced levels of isolation of

Table IV Descriptive statistics for active queens of 59 traditional maternal lines (long-term families) which
structure the ACA Carnica honey bee population (r, number; Min. and Max., min. and max. number of living

queens per line)

Maternal lines n lines n queens Mean n queens per line Min. Max.
Maternal lines of German origin 22 1338 60.82+77.28 1 290
Maternal lines of Austrian origin 36 942 26.17+37.57 1 208
Maternal line of Croatian origin 1 39 - - -
Sum of maternal lines 59 2319 39.31+£57.42 1 290
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Table V Descriptive statistics for active queens of newly introduced foreign lines (hereby named introgres-
sion lines) that structure the ACA Carnica honey bee population and for all 133 queen lines within the ACA
population (n, number; Min. and Max., min. and max. number of living queens per line)

Introgression lines n lines n queens Mean r queens per line Min. Max.
Introgression lines of German origin 48 258 5.38+5.61 1 28
Introgression lines of Austrian origin 26 68 2.62+2.58 1 11
Sum of introgression lines 74 326 4.41+4.93 1 28
Sum of all lines within ACA 133 2645 19.89+42.01 1 290

controlled mating stations, and average approxi-
mation methods of paternal relationship accord-
ing to Bienefeld et al. (2007) or Brascamp and
Bijma (2014). Pedigree errors are a common
fact in livestock breeding and are mostly due to
errors in documentation or identification of indi-
viduals. In dairy cattle breeding programs, pedi-
gree errors within a range of 4-13% have been
reported by Visscher et al. (2002) and Leroy
et al. (2012); in goat, sheep, and dog breeds,
error rates can reach up to 22%, followed by
pig breeds with maximum error rate up to 37%
(Zhang et al. 2020). In honey bee breeding,
artificial insemination and island mating sta-
tion (f.e. in Germany) will be able to provide
high levels of accuracy in paternal ancestry. In
Austria, mating stations are located generally
in isolated alpine regions and are therefore sur-
rounded by natural borders. The mating success
rate is estimated >75% by the Austrian breed-
ing associations. In general, pedigree-based
inbreeding (Fpgp). i.€., the probability of alleles
that are identical by descent (IBD), will deviate
from comparable genomic based information
(Kardos et al. 2015). Since the availability of
large scale genomic data, it became feasible to
derive reliable genomic IBD estimates like runs

of homozygosity (ROH) and subsequently the
Frop statistics (McQuillan et al. 2008, Purfield
et al. 2017; Ceballos et al. 2018). In a recent
study, Gmel et al. (2023) presented ROH statis-
tics for Western honey bees. The authors were
able to show that in honey bees, the correla-
tion between Fpgy, and Fpoy comprised -0.22,
indicating a low to non-existing relationship
between both measures of inbreeding. In live-
stock breeds, correlation coefficients between
the two parameters also range at a lower to
medium scale (rFyoy_Fppp from 0.18 to 0.70;
Purfield et al. 2017). Although pedigree-based
estimates of inbreeding do not measure IBD at
the same precision level as genomic marker-
based methods, the rather conservative approach
of pedigree analysis via founder and ancestor
contributions still can provide valuable infor-
mation on the performance and management of
breeding programs and the composition of the
respective gene pools.

The genetic diversity indices f,, f,, and n,
are capable to determine unbalanced breed-
ing practices, occurrence of genetic (pedigree)
bottlenecks, and genetic drift in the respective
population histories. The values obtained in
this study (ACA/ZAC!: f,=71/125; f,=30/48;

Table VI Descriptive statistics for active queens from traditional (maternal) and newly introduced foreign
lines (introgression lines) that structure the ZAC! Carnica honey bee population (n, number; Min. and Max.,

min. and max. number of living queens per line)

Queen lines n lines n queens Mean r queens per line Min. Max.
Maternal lines 46 836 18.17+11.47 1 44
Introgression lines 56 450 8.04+5.78 1 40
Sum of all lines within ZAC! 102 1286 12.61+10.12 1 44
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n,=18.7/21.6) demonstrated a tendency of
genetic loss due to an excessive use of single
breeding animals within the ACA breeding pro-
gram and a decrease of genetic diversity within
the ZAC! population that mostly is due to
smaller population size. In comparison, horse
breeds with limited population size (n from 565
to 2.808) and closed studbooks for more than
20 generations, such as Lipizzans (Zechner
et al. 2002), Haflingers (Druml et al. 2016), and
working horses (Druml et al. 2009; Janssens
et al. 2010), exhibit f, values between 31 and
117 and f,, values between 12 and 29. In canine
populations, which are characterized by high
phenotypical, breeding census, and founder
gene pool variation, Wijnrocx et al. (2016)
presented an overview on pedigree parameters
for 23 Belgian dog breeds. Here, f, varied from
302 to 3 (mean=126.8), f, varied from 157 to
3 (mean=157.9), and ny ranged from 78.1 to 1.2
(mean=27.6). The diversity indices measured
for the two Austrian honey bee breeding popu-
lations were considerably lower and underline
the limitations within the Austrian Carnica
gene pools of breeding queens.

The commonly applied strategy of sup-
porting admixture by genetic immigration can
have positive, short-term effects on the genetic
diversity of the studied Carnica honey bee
breeding populations. In long term, the addi-
tional imported gene pool (9.2% of the ACA
and 13.8% of the ZAC! gene pool) will con-
stantly decrease the genetic contribution of
founder queens present in small proportions
and eventually eliminate them. Together with
unequal founder and ancestor contributions,
respectively, in an EBV-assisted mass selec-
tion program, this tendency can get enforced.
Taking conservation genetics into account,
minimal founder-gene proportions are essen-
tial for the diversity within a gene pool. In the
ACA breeding population, 589 founder animals
constitute 50.8% of the gene pool with a mean
contribution of 0.09% per animal. In the ZAC!
population, 242 founders contribute to 41% of
segregating alleles with a mean contribution
of 0.17% per individual. As a consequence, the
strengthening of founder gene proportions at

low frequencies could assist in maintaining the
genetic diversity in both honey bee breeding
populations and prevent the subsequent, con-
stant loss of rare alleles in the future. A simple
approach on how to minimize coancestry and
promote rare genetic diversity is the balanced
build-up of maternal genealogies. Currently,
these structures are highly unbalanced, as in the
ACA 25 lines out of 59 consist of less than 15
family members (mean = 6.8). The remaining
34 lines comprise on average 63.2 family mem-
bers. A comparable situation can be observed
in the ZAC! population (19 lines with on aver-
age 7.8 members; 27 lines with on average 25.4
members). Thus, a strategic reinforcement of
the small families would strengthen the rare
alleles within the Carnica honey bee gene pool
of both breeding populations and contribute to
their conservation.

5. CONCLUSION

In this pedigree study on two Austrian honey
bee breeding populations, we were able to
describe the gene pool and the genetic diver-
sity by means of founder and ancestor contribu-
tions, genetic diversity indices, and genealogi-
cal structures. Due to limited size of breeding
population within the ZAC! breeding associa-
tion, and unbalanced use of breeding animals
within the ACA breeding association, both
populations exhibit a moderate loss of genetic
diversity comparable to mammal livestock with
small or limited population size.

However, the presence of two differenti-
ated breeding populations of A. m. carnica in
Austria originating of a same founder stock
and the presence of sufficient genealogical
structure represent valuable genetic resources
that might be of use in future breeding plans
supporting the maintenance of gene pool vari-
ability. Additional pedigree analyses of honey
bee populations of other breeding programs or
subspecies would help to put diversity indi-
ces and founder gene pool architecture into a
species-specific context.
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