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Abstract — Techniques to effectively store honey bee semen must meet some minimally acceptable
level of spermatozoa survival. To determine this level, honey bee queens were inseminated using var-
ious mixes of fresh and freeze-killed semen, and were allowed to lay eggs in small colonies for three
weeks. The queens receiving all freeze-killed spermatozoa (0% fresh) had no spermatozoa in their sper-
mathecae, and produced only drone pupae (unfertilized eggs). The proportions of live and dead sper-
matozoa (determined by dual fluorescent staining) in the spermathecae of queens receiving 25 to
100% fresh semen were not significantly different at 27 days post-insemination. Queens receiving 50%
fresh semen or more produced only worker pupae (all eggs were fertilized). Therefore, a program to
improve storage of semen should only have to reach survival levels of 50% of the spermatozoa to have
functional semen.

Apis mellifera /spermatheca / brood pattern / spermatozoa viability / sperm storage

1. INTRODUCTION ing: assessing semen quality based on sper-
matozoal motility [12, 21], counting the
fumber of spermatozoa in the spermatheca
would enhance our ability to select and(seme_n storage organ) of an instrumentally
maintain superior honey bee stocks. A numiNséminated queen [2, 6, 9, 11, 12], and
ber of storage techniques have been triegPmpParing the proportion of worker pupae
with some success, using both ultra-coldfrom fertilized eggs) to drone pupae (unfer-
freezing and non-frozen approachedilized eggs) produced by an inseminated
(reviewed in [22]). Various assays were usedueen [6, 9, 18, 23]. Harbo [7] also mea-
to evaluate the success of the storage includured egg hatching rate.

The development of a practical means t
store honey beeApis melliferal.) semen

* Correspondence and reprints
E-mail: acollins@asrr.arsusda.gov



422 A.M. Collins

More recent research raises the possibito 1.4 mL buffer (D+ glucose: 0.3 g; potas-
ity that previous assessments of storage susium chloride: 0.41 g; sodium bicarbonate:
cess may be misleading. Stains that directl0.21 g; sodium citrate—2 hydrate: 2.43 g, in
assess viability of the spermatozoa hav100 mL deionized, sterilized water) [16] in
now been applied to the honey bee [3, 14a sterile Eppendorf tube, and gently mixed
17]. Use of such stains indicated that lack oby inversion. The tube was then spun at
motility was not necessarily an indication100x g for 30 min to reconcentrate the sper-
of dead spermatozoa [15], nor did presencmatozoa. The spermatozoa in buffer and
in the spermatheca ensure that a spermatseminal fluid, approximate volume of
zoan was living (pers. obs.). In relation to the200uL, was recollected in sterile capillary
third assay that has been used, Harbo [{tubes and capped with plastic seals. Half of
estimated that 20-35 spermatozoa arthe capillary tubes were stored overnight at
released from the spermatheca when a queroom temperature; the other tubes were
lays an egg, many more than are needed ffrozen at —80 °C to kill the spermatozoa.
successful fertilization. So the ratio of
worker to drone pupae may not actually
reflect the proportion of live spermatozoa
in the spermatheca. If the presence of eve
a reduced proportion of viable spermatozo:
can ensure that the majority of eggs are fe\d"
tilized, this would have a profound effect;

on the goals of any storage methods preiy ot several stages. Twq.2 fresh samples
gram. Since the success of any techniduyere stained with SYBR-14 and propidium
for storing honey bee semen will ultimately;qgige ysing the procedure of Collins and
be measured by the ability of queens to prcponaghye [3]. This dual fluorescent staining
duce sufficient quantities of normal femalesprocess colors the DNA present in the heads
(workers or, more importantly, daughterqs jiying spermatozoa green, and in dead
queens), in this study the relationshirceis ved. Four aliquots of each of the two
between semen viability and the perfor'samples were mounted on slides and
mance of instrumentally-inseminated queeny g cells in each were classified by stain

2.2. Evaluation of spermatozoa
viability

Because the collection, mixing and han-
ng of semen is damaging to the sperma-
zoa, it was necessary to check the viabil-

has been examined. color, at 400< magnification using a fluo-
rescent light source with an isothiocyanate
(FITC) filter.
2. MATERIALS AND METHODS The fresh and frozen semen were used
. to make five treatment groups for instru-
2.1. Semen collection mental insemination (I1). Virgin queens from

a commercial breeder were each insemi-

Mature drones were obtained from a sinnated with 8uL either of 100% fresh;
gle colony in our apiary in Beltsville, MD. fresh:frozen, 75:25%; fresh:frozen, 50:50%;
A total of 100uL of semen was collected fresh:frozen, 25:75%; or 100% frozen
from multiple drones using a Harbo syringesemen. Six queens were used for each treat-
[10]. This system allows for the inclusion ment group. All queens were marked on the
of a collection tube to hold large volumesthorax with a different numbered colored
of semen, in this case a sterile, 1@Q0cap- tag, and one wing was clipped to prevent
illary tube. Sterile saline solution with antibi- flying. Two samples from the unused por-
otic (sodium chloride 1%, dihydrostrepto-tions of each mix and one from the 100%
mycin 0.25% in boiled water) was used tcfresh semen used for Il were evaluated for
lubricate the tip, but was not collected withpercentage live spermatozoa, as before.
the semen. The 1Q0 of semen was added Three aliquots from each were counted.
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2.3. Evaluation of brood aliquots were counted for each queen. A con-
trol group of five naturally-mated queens
The day after insemination, all queensrom the same breeder were also dissected,
were narcotized with CQo induce egg lay- and semen from their spermathecae evalu-
ing and introduced into five-frame nucleusated for viability.
colonies with entrances covered by zinc
gueen-excluder material. Each colony had a o ]
minimum of three full frames of bees. 2.5. Statistical analysis
Queens were self-released from cages sealed
at one end with confectioner’s sugar candy, Results were analyzed using a general
and at three days after introduction, anyinear models (GLM) procedure [20]. Sam-
queens still caged were released. Colonigges were classified by treatment group and
were fed with sugar syrup (50% by volumealiquot sequence number. For number of

in Water) and po”en Supp|ement (made W|tH|V€ cell data.,. the model consisted of aliqUOt
processed yeast)_ sequence within treatment group; for per-

centage worker pupae and percentage empty
Ils, it was treatment group only (one mea-

urement taken per queen). Aliquot sequence

iumber was not a significant factor, so was

drone offsoring was determined by visua emoved from the final model statement.
pring y he level of viable spermatozoa in the

inspection. To verify this assessment, a réRsy o sed for instrumental insemination
resentative section of 100 cells within 8,nd the semen from the spermathecae was
patch of brood was outlined with a card- Iso analyzed by GLM, using source by mix
board template, and the cells were scoreaVel as the model Appropriate compar-

as being either worker or drone, based Ok ons of means were carried out by the
the form of the capping; drone pupae have, o1hqq of least significant differences
wax caps on their cells that are d|st|nctlyg_SD)_

raised, versus flat caps on worker pupa
cells. Ten cells out of the 100 cells were
uncapped to check pupal eye formation;

drones have much larger eyes. With the 3.RESULTS
same 100 cells, the number of empty cells 3 1 semen quality
was counted to determine spottiness. The
size of a brood patch was rated as either

none, small, medium, large, or very largeyjo ‘three died, and four were superseded
with ‘very large’ being equivalent to an areaduring the experiment. These were dis-

2/3 of a standard (8 18.5 in) La"‘gStFOth tributed across all treatment groups, and
frame, and small less than 4 square in.  \;.are not included in the results.

The proportion of live spermatozoa in
2.4. Queen dissection the semen collected from the spermathecae
of the inseminated queens 27 days after
Twenty-seven days after inseminationjnsemination was not significantly differ-
the spermatheca was dissected from ea@nt for the treatment groups that received
queen and crushed in 500 semen buffer any live spermatozoa (df = &= 4.08;
solution using individual sterile EppendorfP < 0.01) (Fig. 1). No spermatozoa were
tubes with pestles. The semen released waser seen in the spermathecal contents of
stained for viability, and counted (numberqueens inseminated with all freeze-killed
live per 100 cells) as previously. Twosemen. All treatment classes were signifi-

At 24-25 days after insemination, the
colonies were checked for the presence g
the marked queens and evaluation of broo
The presence of developing worker an

One queen was lost during the introduc-
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The surprising result of these insemina-
100 ~ tions, however, was that the mixes with less
1 fresh semen (25 and 50%) pre-insemina-
tion, were associated with spermathecal con-
tents that had higher proportions of live sper-
matozoa, 27 days post-insemination
(Fig. 1). Only the 25% level was signifi-
cantly different (df = 9F = 3.47,P = 0.014),

but the trend was consistent across the treat-
ment groups.

M in II semen

ab

E71 in Spermatheca

% Live Spermatozoa

While the number of spermatozoa in the
spermatheca of each queen was not counted,
relative concentrations could be noted by
the number of cells found in the stained via-

| ‘ 1l bility samples. Two of the three queens in

0 25 50 75 100 Natra the 25% live spermatozoa group and three of
% Fresh Semen in Mix the five queens in the 50% live spermato-

Figure 1. Viability of spermatozoa (mean + SE) 202 group had less than 100 cells found and

in five mixes of fresh and freeze-killed semencounted on a slide. Therefore, these queens
used for instrumental insemination and freshlyprobably had very low numbers of sperma-

collected (natural) semen, and in semen retrievehzoa present in their spermathecae.
(27 days post-insemination) from the spermath-
ecae of queens inseminated with the mixes, or
naturally mated queens. Columns with the same
letter are not significantly different (df = 4,

F = 4.08,P < 0.01);* indicates that these two

levels of viability are significantly different At the time of brood evaluation, each

(df = 9,F = 3.47,P = 0.014) 1 Values for natu- queen had one frame in the nuc with sealed

ral .Semen are taken from another study Vlabllpupa| cells. Queens inseminated with 50%

ity Is exP;%sosed ast”:je number gf "YeﬂSpermat 5r more fresh semen produced more brood

zoa per counted, using a dual fluoresce

staining technique [3]. Il but one had large or very large patterns)
than queens in the 25 and 0% fresh groups
(Tab. I). All of the brood from the former

i 0,
cantly lower for percentage live spermatozo%rOlJp consisted of 1009 worker pupae, and

n average, about 20% of the cells were
than the naturally mated queens, except fq .
the 25% fresh-semen group. empty. The queens that received all freeze-

killed sperm (0% live) produced only drones
The pooled semen which was used tdin worker cells), usually in smaller patches,
make the five mixes of fresh and freezeand with twice the number of empty cells.
killed semen had only 65.1% live sperma-The queens receiving only 25% fresh semen
tozoa (treatment group: 100%), based 0(32.2% live spermatozoa) had brood patches
the assessment of the samples taken prithat were generally smaller, but like the first
to insemination (Fig. 1). The values for thegroup, on average about 20% of the cells
other mixes were 55, 42.6, 32.2, and 0%were empty. However, while queen 1 pro-
respectively. This loss of viability was dueduced 100% worker pupae, queen 2 had
to handling of the semen during collection,80% worker pupae, and queen 3 had only
mixing and insemination. Freshly collecteddrone pupae. The two queens laying drones
unmixed semen, assayed immediately, gerrad very low concentrations of spermato-
erally gives values of 90% or more live sperzoa in the spermatheca, with 70 and 75%
matozoa. live spermatozoa, respectively. Queen 1 had

3.2. Brood quality
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Table I. Evaluation of brood from honey bee queens artificially inseminated with varying mixes of
fresh and freeze-killed semen.

Semen mik Group

100 (65.0) 75(55.0) 50 (42.6) 25(32.2)  0(0.0)

No. of queens surviving 5 5 5 3 4
No. of queens producing a brood patch (size)
None 1
Small 1 1
Medium 1 2 1
Large 2 1 3 1
Very large 2 4 2
Percentage of pupae that were workers in a representative section of 100 cells
100 100 100 60 0
(100)
(80)
(0)
Percentage of cells that were empty in a representative section of 100 cells
18.6 20.6 18.8 18.7 40.5

1Mix is expressed as the percentage of fresh semen in a mixture of fresh and freeze-killed semen. Number in paren-
theses is the actual proportion of live spermatozoa in the semen mix used for artificial insemination, assessed using
a dual fluorescent staining technique.

2These three queens were very variable in brood quality; see Results, 3.2., for details.

many more spermatozoa in the spermattthe oviduct after deposition by the drone.
eca, with a 95% level of viability. Then contraction of the oviduct and
abdomen transport some of them to the ori-
fice of the spermaduct. Once there, the sper-
matozoa actively migrate through the narrow
spermaduct to the spermathecae. A majority

Although very d|f_ferent MIXeS (.)f SEMEN ¢ the semen is actually discarded by the
were used for the instrumental insemina-

tion of the queens, the proportions of live "™ 19}

spermatozoa in their spermathecae at A of the queens that were inseminated
27 days post-insemination were not signifyith only dead spermatozoa had no sperm
icantly different for t_he four treatment ¢g||s present in the spermatheca, and the
groups that had any live spermatozoa prespermathecae appeared as crystal clear as
sent. In some way, live spermatozoa wergnose of virgin queens. This agrees with pre-
being concentrated in the spermatheca;joys observations on frozen semen by
although not all dead sperm were eliminated5rpo [5]. Although semen was present in
The shift in proportion of live spermatozoaine vagina, none of the dead spermatozoa
was greatest in the queens inseminated Witjere transported to the spermatheca. This
semen having the least viable spermatozogypports the conclusion that the activity of
Our current understanding of honey bed¢he spermatozoa themselves is critical to
reproductive behavior (reviewed in [13]) istheir migration to the spermatheca. How-
that the spermatozoa orient to the walls oéver, Bresslau [1] suggested that the sperm

4. DISCUSSION
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pump, a muscular arrangement around @e would have semen that is capable of pro-
bend of the spermaduct, supported migraducing primarily fertilized eggs (workers,
tion to the spermatheca as well as the release potential queens) for some period of time
of spermathecal contents for fertilization.following instrumental insemination. Since
And Gessner and Ruttner [4] reported thait is not feasible to sex 2—3-day-old larvae,
when plastic granules ofpiim diameter were trying to rear daughter queens from a queen
used, 0.3% of the number predicted if allaying a mixture of fertilized and unfertilized
the movement by the spermatozoa was pasggs would be inefficient, because efforts
sive on their part did reach the spermathwould be wasted in grafting the drone larvae
eca. While dead spermatozoa in the spepresent, but which have no potential to
mathecae were found in the present studjpecome queens. Future research needs to
this only occurred in queens where theréocus on improved storage technology for
were live spermatozoa present to ‘drag’ théncreasing the survival rate, and also on
others along in the migration. In fact, whenassessments of how long a queen insemi-
the proportion of live spermatozoa was higmated with reduced-viability semen might
(56 or 62%), most of the dead spermatozoeontinue to produce acceptable brood.
were carried along. When the live proportion

was reduced (42.6 or 32.2%), their activity

could carry only a portion of the dead cellsRasumé — Relations entre la qualité du
The net result is that we can not make thgperme et la performance des reines
assumption that all spermatozoa found iny'apeilies (Apis melliferalL.) inséminées
the spermatheca are viable. artificiellement. Des techniques efficaces
edour conserver le sperme des abeilles

Secondly, all of the queens that receiv: : . ) P
y d I;ﬁrlomequues faciliteraient la sélection et la

42.6% live spermatozoa (50% fresh seme

or more produced brood that was entirel aintenance de lignées supérieures. Cette

gtude a été faite afin de déterminer un niveau
to produce only workers (fertilized eggs) isacceptable de survie des spermatozoides

facilitated by the fact that the queen releasdc cessaire plf)ur une te!entechniqlue de
1/153 000th of the spermathecal content§onservation. Le sperme (100 au tpta) a
with each egg laid [8]. This volume con- €té prélevé chez de nombreux males, dilué

tains 3035 spermatozoa initially, and aftef@nS Un méme volume de tampon de Kiev

significant egg laying, falls to about 20 spermedifi€ [16], mélangé doucement et centri-

matozoa. For the average viability of 64.704U9€ @ 100y durant 30 min. Le mélange a

in the four treatment groups, this mean&té recueilli dans des tubes capillaires sté-

13-26 sperm would be available for fertil-"1€S ; 1a moitié a té congelée a —80 °C pour
ization. As it is estimated that 0—10 Sper_tuer les spermatozoides, et I'autre moitié

matozoa penetrate the egg [13], this shoul ”SeW?e penda_mt une suite a la température
be sufficient. However, for queens insemi-J€ |2 Piece. La viabilité des spermatozoides
nated with lower viability semen, we mighta été déterminée a partir de I'échantillon

expect them to become ‘drone layers’ morérais a l'aide d'une technique de coloration
quickly than usual par double fluorescence.

Les cing mélanges suivants ont été consti-
The fact that even 42.6% live spermatotués a partir du sperme frais et le sperme
zoa in the semen could result in high qualitcongelé : 1 : 100 % frais ; 2 : 75% frais—25 %
worker brood is very encouraging to thecongelé ; 3 : 50 % frais—50 % congelé ;
prospects for the successful cryopreservat : 25 % frais—75 % congelé ; et 5: 100 %
tion of semen. Harbo [6] reported spermaeongelé. Six reines ont été inséminées avec
tozoal survival of around 25%. If that sur-chacun de ces mélanges. La viabilité réelle
vival rate can be increased by only 1-folddes spermatozoides a été déterminés par les
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colorants fluorescents ; elle était respectiun taux de survie des spermatozoides d’envi-
vement de 65,1, 55, 42,6, 32,3 et 0 %. Leson 25 %. Si I'on peut seulement doubler
reines ont ensuite été introduites dans de=e taux, on disposerait alors de sperme
nucléi, ou elles ont pu pondre. capable de produire principalement des ceufs
Vingt-quatre a 25 jours plus tard, on a évafécondés (d’ouvrieres ou de reines poten-
lué la proportion de nymphes d’ouvriérestielles) pendant une certaine période suivant
et de nymphes de males dans le couvaitinsémination artificielle. Puisqu’il n’est
produit par chaque reine, ainsi que la taillgpas possible de déterminer le sexe des larves
relative du nid & couvain. Vingt sept joursagées de deux a trois jours, il ne servirait a
aprés l'insémination, la spermathéque deien d’essayer d’élever des reines a partir
chaque reine a été disséquée et la viabilitd'un mélange d’oceufs fertilisés et d’ceufs
des spermatozoides mesurée. Cing reing®n fertilisés. La recherche a venir doit se
issues du méme éleveur et s’étant accowoncentrer sur 'amélioration de la technique
plées naturellement ont servi de témoins. de stockage pour augmenter le taux de sur-
La proportion de spermatozoides vivantyie et doit déterminer la durée pendant
présents dans le sperme prélevé dans la spigquelle une reine inséminée avec du sperme
mathéque des reines 27 jours aprés I'insé viabilité réduite peut produire du couvain
mination n’est pas significativement diffé- de qualité acceptable.

rente entre les groupes traités qui ont recu

des spermatozoides vivants (df = 4Apis mellifera/ spermathéque / surface

F = 4,08 ;P < 0,01) (Fig. 1). Aucun sper- couvain /spermatozoide / viabilite /
matozoide n’a été vu dans le contenu spegonservation sperme

mathécal des reines inséminées avec du

sperme tué par congélation. Le pourcentage

de spermatozoides vivants chez toutes ledusammenfassung — Die Beziehung zwi-
reines traitées était significativement infé-schen Spermagqualitéat und Legeleistung
rieur a celui des reines qui s’étaient accouvon instrumentell besamten Koniginnen.
plées naturellement, sauf pour le groupe &Geeignete Techniken zur Lagerung von
(mélange a 25 % de sperme frais). Dans ddonigbienensperma kénnten die Selektion
groupe 4 il y avait dans la spermathequeind Erhaltung von guten Zuchtlinien erheb-
significativement plus de spermatozoidedich vereinfachen. Diese Studie sollte unter-
vivants que dans le sperme utilisé pousuchen, welche Uberlebensrate der Sper-
'insémination. Les reines des groupes 1 a hazoen bei einer solchen Lagerungstechnik
(inséminées avec au moins 50 % de spernmakzeptabel ist. 10QL Sperma wurde von
frais) ont produit plus de couvain que cellesnehreren Drohnen gesammelt, in einem
des deux autres groupes, et uniguement dyleichen Volumen von Kiev Puffer [16] ver-
couvain d'ouvriéres (Tab. I). Les reines dudiinnt, vorsichtig vermischt und bei 18@
groupe 5 (0 % de sperme frais) n'ont produiB0 min lang zentrifugiert. Diese Mischung
que du couvain de males en petites tachegurde in sterilen Kapillarrohrchen aufge-
clairsemées et celles du groupe 4 (25 % deommen. Die Halfte wurde bei —80 °C ein-
sperme frais) du couvain de males egefroren, um die Spermatozoen abzutéten,
d’ouvriéres en taches petites a moyennesine weitere Halfte wurde iber Nacht bei
(Tab. I). Raumtemperatur gelagert. Die Lebens-
Le fait que 42,6 % des spermatozoide#ihigkeit der Spermatozoen wurde aus der
vivants et présents dans le sperme aieritischen Probe mit einer doppelten Flu-
donné du couvain d’ouvrieres de grandereszenzfarbetechnik bestimmt [31].
qualité est trés encourageant pour les pergus dem frischen und dem gefrorenen
pectives d’amélioration de la cryoconser-Sperma wurden finf Mischungen zur
vation du sperme. Harbo [6] a mentionnéiinstlichen Besamung von Kdniginnen
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hergestellt: 100 % frisch, 75 % frisch zugemischten Anteilen von Drohnen — und
25 % gefroren, 25 % frisch zu 75 % gefro-Arbeiterinnenbrut (Tab. I).

ren, und 100 % gefroren. Aus jeder Mi-Die Tatsache, dass sogar aus einem Anteil
schung wurden sechs Koniginnen besamton nur 42.6% lebender Spermatozoen im
Die mit der Fluoreszenzfarbung ermitteltenSperma Arbeiterinnenbrut von hoher Qua-
tatsachliche Anteile lebender Spermatozoelitit resultieren kann, ist ermutigend flr die
in den Mischungen waren 65.1, 55, 42.6ussichten der Entwicklung einer Methode
32,2 und 0 %. Die Kdniginnen wurden zurzur Kryopreservation von Drohnensperma.
Eilage in Begattungskasten eingeweiselt. Harbo [6] hatte von einer Uberlebensrate
Vierundzwanzig bis 25 Tage nach derdes Spermas von etwa 25 % berichtet. Wenn
Besamung wurde an der von den Konigines gelange, diese Rate auf das Doppelte zu
nen erzeugten Brut das Verhaltnis zwischesteigern, ware dieses Sperma geeignet um
Drohnen- und Arbeiterinnenpuppen und diezumindest (iber einige Zeit nach der kiinst-
relative Ausdehnung des Brutbereichdichen Besamung primér befruchtete Eier
bewertet. Sieben und zwanzig Tage nacfArbeiterinnen oder potentiell auch Kéni-
der Besamung wurde die Spermatheka deyinnen) zu erhalten. Da das Geschlecht von
Kdniginnen prapariert und die Lebens-2-3 Tage alten Larven nicht leicht bestimmt
fahigkeit der Spermatozoen untersucht. Alsverden kann, ware die Aufzucht von Koni-
Kontrollen dienten 5 natirlich begatteteginnen aus einer Mischung befruchteter und
Kdniginnen von dem gleichen Ziichter.  unbefruchteter Eier allerdings wenig effizi-

Der Anteil lebender Spermatozoen in den€nt. Zukunftige Forschung sollte sich auf
27 Tage nach der Besamung aus den Spélie Verbesserung der Lagerungstechnolo-
matheken gewonnenen Sperma unterschigie zur Erhéhung der Uberlebensrate der
sich zwischen den Gruppen, die iiberhaugdpermatozoen konzentrieren, sowie wei-
lebendes Sperma erhalten hatten, nicht sigerhin auf die Ermittlung des Zeitraums,
nifikant (df = 4,F = 4,08,P < 0,01, Abb. 1). Uber den mit Sperma reduzierter Lebens-
In der ausschlfglich mit durch Einfrieren fahigkeit besamte Koniginnen Brut in akzep-
abgetotetem Sperma besamten Gruppe wuiablen Ausmf erzeugen.

den bei keiner der Koniginnen Spermato-

zoen in der Spermatheka gefunden. AlléApis mellifera/ Spermatheka / Brutmu-
Gruppen hatten einen geringeren Anteister / Spermatozoenlebensféahigkeit /
lebender Spermatozoen als die natirlictspermalagerung

begatteten Kéniginnen, mit Ausnahme der

mit 25 % frischen_Spermq besamten Gruppe. AckNOWLEDGMENTS
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