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Abstract—Instrumental insemination of queen bees using cryopreserved sperm is an important biotechnolog-
ical tool to address the issues of contemporary beekeeping. Long-term cryopreservation is detrimental to
sperm function and drone fertility, killing more than 50% of the sperm during the process. Prediction of cryo-
preservation damage from freezing drone semen remains elusive. The purpose of this study was to assess the
impact of long-term cryopreservation in “Kakpakov diluents” (C46) on morphometric measurements of
sperm head of the Apis mellifera L. and ultrastructure. For the experiment, sperm samples from the cryobank
of the Federal Beekeeping Research Centre (Russia), frozen since 1993, 2011 and 2013 were used. In the pres-
ent study, it was found out that cryopreservation had a considerable impact on the drone sperm head mor-
phometry. Sperm head measurements of cryopreserved samples were significantly lower compared with the
extended sample for morphometric measurements of the nucleus area 3.55 ± 0.12, 4.07 ± 0.1, 4.31 ± 0.04
(5.57 ± 0.03, respectively); nucleus perimeter 10.57 ± 0.11, 11.11 ± 0.13, 11.59 ± 0.05 (11.72 ± 0.06, respec-
tively); nucleus length 4.66 ± 0.05, 4.82 ± 0.06, 5.07 ± 0.02 (5.22 ± 0.03, respectively); nucleus acrosome
length 3.72 ± 0.08, 3.65 ± 0.08, 3.96 ± 0.05 (4.24 ± 0.04, respectively). Cryopreserved and thawed sperma-
tozoa revealed changes in ultrastructure such as vacuolation of the axoneme, intranuclear vacuoles, and loss
of the derivative’s mitochondria. These details provide valuable data for further experiments on modification
of the composition of cryomedium to minimize cryodamage in the semen of honey bee drones.
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INTRODUCTION
Today the state of the gene pool of honeybees is

one of the main causes of the beekeeping crisis in the
world. Conservation of genetic resources of honey
bees is a pressing problem of the growing ecological
crisis. There is an urgent need to use biotechnological
methods for preserving the gene pool of honey bees,

such as instrumental insemination of queen bees and
conservation of drone sperm.

Most reproductive qualities of an instrumentally
inseminated queen bee depend on the fertility of
drones. Cryopreservation makes it possible to create
sperm banks of high-value breeding drones of honey
bees and preserve genetic material for selection for a
long time. The main purpose of cryopreservation of
drone sperm is to use such sperm for instrumental
insemination of queen bees, which will reproduce
many worker bees, as well as queens, do after natural
mating. In this case, instrumental queens can be
obtained at the beginning of the beekeeping season.
Drone sperm has been successfully preserved by cryo-
preservation in recent years [1–3].

The analysis of cryopreserved and thawed sperm
from honey bee drones is based on an assessment of
standard semen parameters: sperm motility, viability,
and concentration. Wegener et al. (2012) [4] con-
cluded that a new test based on the wastage of the gly-
colytic enzyme (glucose-phosphate-isomerase (GPI))

Mit 1 larger mitochondrial derivative,
Mit 2 smaller mitochondrial derivative,
Mp microtubule pattern,
Ax axoneme,
Ab accessory bodies,
C centriolar region,
p paracrystalline region,
N nucleus.
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from damaged cells correlates with the number of
spermatozoa that reached the queen bee spermatheca
(r = –0.61). Alcay et al. [5] concluded that HOS tests
and water are suitable and simple measures of the
functional integrity of the sperm plasma membrane.

Little attention is paid to the study of morphomet-
ric parameters of individual structural elements and
ultrastructural damage in spermatozoa.

A variety of cryopreservation factors can cause
structural changes in sperm [6]. These changes signifi-
cantly reduce sperm motility, plasma membrane func-
tionality, acrosome integrity, and sperm fertility [7–
9]. Damage to the acrosome and changes in chromatin
condensation evoked by freezing and thawing of the
gamete [10] influence the morphology of spermatozoa
and the morphometric parameters of individual struc-
tural elements. Previous studies have shown the effect
of deep freezing on the morphometry of sperm head of
an ox [10], a human [11], a stallion [12], a dog [13],
and a red deer [14]. In these studies, frozen and
thawed sperm heads were significantly smaller than
freshly harvested heads. However, experiments with
goats have revealed that cryopreservation did not
cause significant differences in sperm head size [15].
Probably, these contradicting results may be contin-
gent on the sensitivity of the species’ sperm to the
freezing process or different cryopreservation proto-
cols.

Sperm morphology correlates more closely with
fertilization rate, rather than with sperm concentra-
tion and motility [16, 17].

Light and fluorescence microscopy of frozen and
thawed sperm cannot reveal significant ultrastructural
damage in the sperm. Electron microscopy is a perfect
method for ultrastructural analysis of the functional
state of spermatozoa and the diagnosis of damage in
gametes after cryopreservation. Atroshchenko et al.
(2017) [18] concluded that cryopreservation of sperm
leads to dispersal of acrosomal contents and enzymatic
deficiency of the acrosome. The authors observed
mitochondrial pathologies in <10% of spermatozoa.
The sperm axoneme was resistant to cryopreservation.
Peripheral dense fibrils and fibrous membrane of the
axoneme were not damaged by freezing and thawing
[18]. Kandiel et al. [19] concluded that the freezing
and thawing process caused significant ultrastructural
changes in the acrosomes and middle pieces, includ-
ing rupture of plasma membrane and acrosomal
membrane with or without dispersal of acrosomal
contents and a decrease in the electron density of
mitochondria.

Ultrastructure is not a very useful approach for
daily sperm assessment for a number of reasons, such
as technically challenging limited observation and
costs. Quantitative TEM analysis is difficult to per-
form due to the cost of the procedure and the fragility
of tissue under prolonged exposure to the electron clot
[20]. In the present study, quantitative TEM analysis
RUSSIAN AGRICULTURAL SCIENCES  Vol. 48  No. 6
was used to assess the cryobanking of honeybee drone
sperm in “Federal beekeeping research centre” (Rus-
sia).

The given research work is aimed at assessing the
effect of cryopreservation on the morphometric
parameters of individual structural elements of A. mel-
lifera L. drone spermatozoa and ultrastructure.

MATERIAL AND METHODS

Location and Characteristics of the Study Area

The collection of fresh semen was carried out at the
Federal Beekeeping Research Centre (Ryazan Region,
Russia). Sperm samples were examined in the labora-
tory of selection and molecular genetics research of
honeybees of the FBRC in 2018.

Semen Collection and Processing

Sperm were collected on 25–30 days post-emer-
gence drone of subspecies A. mellifera L. Ejaculation
was manually induced by pressure on the chest [21],
and semen were collected in glass capillaries using a
Harbo Schley insemination syringe (ref. 104) and
Schley-System model 1.04 (A & G Wachholtz, Ger-
many). The average semen volume collected per drone
was close to 1 μL. Semen was obtained while filling a
100 μL glass capillary for subsequent cryopreserva-
tion.

Diluents

To conduct the experiment, we used sperm sam-
ples frozen for insect cells medium by V. Kakpakov
(C46) with 10% dimethyl sulfoxide (DMSO) [3] from
the FBRC cryobank (Ryazan region, Russia). For the
experiment, 5 frozen semen samples preserved since
2013 (each sample had 30 μL of diluted semen in
straws), and 2 samples since 2011 (each sample had
100 μL of diluted semen in a Nunc Cryotube) and
2 samples since 1993 (each sample had 100 μL of
diluted semen in a Nunc freezer tube) were obtained.
The samples were thawed by immersion in a water
bath at 34°C for 1 min. After freezing and thawing,
1 mL of C46 was added to the samples. The samples
were left in this form for 10 min. After 10 min, the
samples were shaken and centrifuged on a Mini Spin
Eppendorff (Germany) for 3 min/3000 rpm. After
centrifugation, the supernatant f luid was removed
from the test tube and 1 mL of C46 was added. The
samples were left in this form for 5 min. After 5 min,
the samples were shaken and centrifuged for
3 min/3000 rpm. After centrifugation, the supernatant
fluid was removed from the test tube and the quality of
the thawed semen was assessed.
  2022
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Evaluation of Seminal Quality in a Fresh
and Thawed State

The variables assessed in fresh semen and the
thawed one were morphometric parameters of indi-
vidual structural elements of sperm. After thawing, the
sperm viability and ultrastructure were additionally
studied.

Motility was assessed as “great” if it was indistin-
guishable from fresh semen. A “good” score was given
if the motility was noticeably less than that of fresh
sperm, while a “bad” score was given if the sperm were
just slightly moving [1].

Morphometric Assessment of Sperm Heads
Diff Quik staining (ABRIS+, St. Petersburg, Rus-

sia) was used to study the morphometric parameters of
sperm heads. Diff Quik stain is used to stain smears of
animal’s semen [13, 22–24]. Microscopic slides were
prepared from each extended sample (upon dilution)
by placing 20 μL of the sperm samples on the clear end
of a frosted microscope slide and dragging the drop
across the slide. Semen smears were air-dried. Fixa-
tion of the smear in solution no. 1 was performed for—
10 min, staining in solution no. 2 (eosin)—for 15 min,
and then the dried smear was stained in solution no. 3
(thiazine)—for 10 min [22]. After staining, the slides
were washed in buffer (pH 6.8) for 2 min. Sperm slides
were examined with an Altami-LUM 1 LED micro-
scope using oil immersion at a magnification of
2000×. Sperm images were taken on each of the slides
with Canon 1300D digital cameras (Canon Inc.,
Tokyo, Japan). Sperm images and morphometric
parameters were studied using Altami Studio software
version 3.5 (Altami LLC, St. Petersburg,  Russia). The
measurements for nucleus area, nucleus perimeter,
nucleus length, and acrosome length were acquired
from 200 images. Acquiring 200 images assures that a
minimum of 150 properly measured sperm heads is
analysed. Improperly measured sperm heads were
deleted from the analysis. The sperm cells were ran-
domly selected for the morphometric analysis. The
measurements of each sperm head and sperm treat-
ment were saved in an Excel (Microsoft Corporation,
USA)—compatible database for further analysis.

Sperm Viability
Live/dead sperm staining was assessed using the

Locke & Peng (1990) [25] double f luorescent staining
protocol, with our modification. Fluorescent spots
Hoechst 33258 (H3258) (catalog no. O150; Pan-Eco,
Russia) and PI (catalog no. 25535-16-4; Sigma-
Aldrich, USA) were used. Working solutions of f luo-
rochromes were prepared in Tris buffer pH 8.8 [26].
The final concentration of H3258 is 5 μg/ml and PI is
10 μg/mL [25]. The sperm suspension was addition-
ally diluted in Tris buffer pH 8.8 to achieve a final ratio
of 1:100. The stained gametes were counted at a mag-
RUSSIAN 
nification of ×400 using an Altami-LUM 1 LED
microscope (Altami LLC, Russia). A total of 200 sper-
matozoa were counted. The microscope was equipped
with a Hg lamp and corresponding filter cubes for UV
excitation H3258: 340–380 nm (UV block) and a
luminescence range of 430 nm. PI of green excitation:
530–560 nm (block G) and the luminescence range is
580 nm. Living cells were stained in blue and dead
cells were red.

Electron Microscopic Observations
For electron microscopy, fresh and frozen and

thawed sperm samples were diluted with isotonic
NaCl solution in a ratio of 1:10 and a fixative solution
was 200 μL added 2.5% glutaraldehyde solution (Ted
Pella Inc., USA), which had been prepared in 0.1M
cacodylate buffer (pH 7.2) (“Sigma,” USA) for elec-
tron microscopy. The sample tube was centrifuged for
15 min/1000 rpm. After centrifugation, the superna-
tant f luid was removed and the pellet was fixed with
fixative solution. Further, it was fixed with a 1% solu-
tion of osmic acid (Serva, Germany) and poured into
an epon (Fluka, Germany). Ultrathin sections were
obtained on an UltraCut III microtome (Reichert
Jung Optische Werke AG, Austria) and stained with an
aqueous solution of uranyl acetate and lead citrate
(Serva, Germany). The stained sections were exam-
ined under transmission electron microscope
JEM1400 (Jeol, Japan). The visual appearance of
spermatozoa was studied at ×5000 magnification,
acrosome, chromatin nuclei, and mitochondria deriv-
ative were examined at ×16000–18000, axoneme
abnormalities on cross-sections of f lagella were
observed at ×20000–25000 magnification. In each
sample, at least 100 sex gametes were analyzed.

STATISTICAL ANALYSIS
In the present study, the author has not performed

a quantitative analysis of TEM due to the cost of the
procedure.

Statistical analysis was used to assess the morpho-
metric parameters of individual structural elements of
spermatozoa. The data were examined by factorial
ANOVA. The normality of distribution was checked
using Shapiro–Wilk statistics. Group differences were
compared using Tukey test. Effects were considered
significant at p ≤ 0.05. All analyses were performed
using STATISTICA version 13.0 split plot design
(StatSof, Moscow, Russia).

RESULTS
Spermatozoa previously frozen with C46 diluents

were slightly motile during the thawing (poor motility)
than fresh semen. The gamete in liquid nitrogen stor-
age preserved since 1993 has ensured long-term stor-
age of sperm membranes (sperm viability) (Fig. 1).
AGRICULTURAL SCIENCES  Vol. 48  No. 6  2022
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Fig. 1. Percentage of drone freezing and thawing sperm
viability integrity during cryopreservation procedure.
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Fig. 2. Morphological defects in sperm nucleus formation
(experimental Diff Quick staining).
When evaluating the morphometric parameters of
individual structural elements of spermatozoa, a lot of
abnormalities in the structure of the head were found
(Fig. 2).

A lot of sperm head anomalies have been observed
in liquid nitrogen storage of gametes since 2013, which
were frozen in straws.

Morphometric parameters such as nucleus area
and perimeter, nucleus length were significantly (p <
0.05) less in cryopreserved semen than in fresh
expanded semen (Table 1).

Significant effects of cryopreservation treatment
(p < 0.05) were found between the liquid nitrogen
storage groups of 1993 and 2013 gametes in terms of
the size of nucleus area and perimeter, and nucleus
length. We observed ultrastructural cryodefects,
including damage to the axoneme and mitochondria,
and the nucleus. The f lagellum of the honeybee sperm
RUSSIAN AGRICULTURAL SCIENCES  Vol. 48  No. 6

Table 1. Mean sperm head measurements for extended and c

Data are expressed as means ± SD. a, b, c, d: P < 0.05.

Morphometr parameters extended 
(fresh semen)

Acrosome lenght, μm 4.24 ± 0.04a 3.96

(3.61–5.26) (3.0

Sperm nucleus lenght, μm 5.22 ± 0.03a 5.07

(4.66–6.57) (4.0

Nucleus perimeter, μm 11.72 ± 0.06a 11.5

(10.8–14.2) (9.6

Nucleus area, μm2 5.57 ± 0.03a 4.31

(4.39–6.58) (2.
consists of two derivatives of mitochondria, an axon-
eme and two additional triangular bodies (Figs. 3, 4).

The axoneme follows a typical 9+9+2 microtubule
pattern; including 9 external singles accessory tubules,
9 doublets, and 2 single central microtubules (Fig. 4).

We have observed a larger mitochondrial derivative
in frozen and thawed sperm that is not related to the
axoneme (Fig. 5).

Observing Fig. 6, it can be concluded that the axo-
neme does not have a small and large mitochondrial
derivative (f lagellum fragmentation).

A damaged centriolar region (C) with an electron
lucent interior may indicate loss of content (Fig. 7).

The p-region in a larger mitochondrial derivative is
formed by paracrystalline material [27–29]. Electron
  2022

ryopreserved drone semen

Sample

liquid nitrogen storage with (year)

1993 2011 2013

 ± 0.05b 3.65 ± 0.08c 3.72 ± 0.08d

6–5.97) (3.22–4.82) (3.25–4.25)

 ± 0.02b 4.82 ± 0.06c 4.66 ± 0.05db

0–6.37) (4.4–5.51) (3.86–5.79)

9 ± 0.05a 11.11 ± 0.13b 10.57 ± 0.11cab

3–14.5) (9.92–12.3) (8.89–12.8)

 ± 0.04b 4.07 ± 0.04c 3.55 ± 0.12dcba

5–6.21) (3.11–4.86) (2.23–5.64)



516 GULOV, BRAGINA

Fig. 3. Various f lagella cross sectioned anteriorly. Scale
bar—2 μm.

2 �m

Fig. 4. A flagellum cross sectioned at the level of two mito-
chondrial derivatives. Mit 1—larger mitochondrial deriva-
tive, Mit 2—smaller mitochondrial derivative, Mp—
microtubule pattern, Ax—axoneme, Ab—accessory bod-
ies, C—centriolar region, p—paracrystalline region. Scale
bar—500 μm.
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microscopic examination revealed damage of the
structure of the paracrystalline region (Fig. 8).

The nucleus of frozen and thawed spermatozoa
also had lesions with an electron lucent interior part, it
looks as if it is vacuolated (Fig. 9) and with invagina-
tion in the nucleus (Fig. 10).

Observing Fig. 11, we can conclude that the axon-
eme has a damaged area of the body (non-compact
axoneme content).

DISCUSSION

The drone of A. mellifera has filamentous sperma-
tozoa with a length of 250–270 μm and a head length
of 8–10 μm, and a total acrosomal length of 5 μm [30].
Several recent studies describe seasonal variation and
the association of morphology and standard parame-
ters of drone sperm. In the study by Gontarz et al. [31]
RUSSIAN 

Fig. 5. Larger mitochondrial derivative separated from
axoneme. Mit 1—larger mitochondrial derivative, Ax—
axoneme. Scale bar—500 μm.
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the sperm of A. m. carnica were evaluated. In the study
by Power et al. [32] the spermatozoa of A. m. ligustica
were evaluated. The authors [31, 32] investigated the
morphometric parameters of spermatozoa such as
total sperm length, tail length, head length, nucleus
length, acrosome length. Spermatozoa A. m. ligustica
turned out to be smaller; their average total length was
230.8 ± 17.22 μm [32]. The average total length of
spermatozoa A. m. carnica was 273.5 ± 16.58 μm [31].
In the current study, we evaluated the morphometric
parameters of the sperm head only.

In the study by Gil et al. [33] a significant connec-
tion of sperm swimming speed with several morpho-
metric parameters of the head and midsection were
AGRICULTURAL SCIENCES  Vol. 48  No. 6  2022

Fig. 6. The axoneme lacks a smaller and larger mitochon-
drial derivative. Ax —axoneme. Scale bar—500 μm.
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Fig. 7. Damaged centriolar region with electron lucent
interior (white arrow). Mit 1—larger mitochondrial deriv-
ative, Mit 2—smaller mitochondrial derivative, Mp—
microtubule pattern, Ax—axoneme, Ab–ccessory bodies,
p—paracrystalline region. Scale bar–200 nm.
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Fig. 8. Damage to the structure of the paracrystalline
region (white arrow) of a larger mitochondrial derivative.
Mit 1—larger mitochondrial derivative, Mit 2—smaller
mitochondrial derivative, Ax—axoneme, p—paracrystal-
line region. Scale bar—200 nm.
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Fig. 9. Electron lucent interior inside the sperm nucleus
that appears vacuolated (white arrow). Mit 1—larger mito-
chondrial derivative, Ax—axoneme, N—nucleus. Scale
bar—1 μm.
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Fig. 10. Spermatozoon showing invagination in the
nucleus (white arrow). N—nucleus. Scale bar—1 μm.
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found. Motility is generally considered to be one of the
most important sperm characteristics associated with
drone fertility. Motility is an expression of the viability
and structural integrity of the sperm [33].

Head morphometric parameters and ultrastructure
of frozen and thawed spermatozoa of drones have not
been described. This is the first report evaluating the
effect of long-term cryopreservation on the morpho-
metric parameters of individual structural elements of
spermatozoa and ultrastructure. In the present study,
the cryopreservation of drone spermatozoa had a sig-
nificant effect on the morphometry of the sperm
heads. Sperm measurements in cryopreserved samples
RUSSIAN AGRICULTURAL SCIENCES  Vol. 48  No. 6
were significantly lower than in expanded sample for

morphometric measurements of nucleus area, nucleus

perimeter, nucleus length. The changes caused by

cryopreservation identified in the given study were

similar to changes in the morphometric parameters of

the sperm head of different mammalian species [10–

14]. Cryopreservation methods are known to have a

great impact on post-traumatic motility, viability [4,

34], and acrosomal status [35] of spermatozoa. The

fertility of the semen sample is also influenced by

cryopreservation methods [1, 36]. Changes in the size

of the sperm head as a result of cryopreservation can

be caused by acrosomal damage [12] or altered chro-
  2022
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Fig. 11. Damage (fracture) to a larger mitochondrial deriv-
ative (black arrow). Mit 1—larger mitochondrial deriva-
tive, Ax—axoneme, N—nucleus. Scale bar—1 μm.
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matin condensation [37]. In the study by Royere et al.
[37], it was found that the surface area of the sperm
heads tends to decrease after freezing and thawing.
This decrease in surface area was connected with
changes in the structure of sperm chromatin. Royere
et al. [37] hypothesized that cryopreservation induces
overcondensation of sperm chromatin.

Progressive dehydration of the sperm during cool-
ing and freezing may be a possible explanation for the
decrease in morphometric parameters of the head
after cryopreservation [38]. A number of stages in a
cryopreservation protocol can affect the extent of
sperm damage, including cryoprotectant levels, cool-
ing and freezing rates, and thawing methods [10].

In the current research, evaluation of spermatozoa
with a transmission electron microscope has allowed
revealing damaged cellular structures after cryopreser-
vation in >50% of the examined spermatozoa. In the
present study, the presence of intranuclear vacuoles
was uncovered. The structure of the axoneme and
mitochondria of the derivative was also influenced by
the freezing and thawing processes. Transmission
electron microscope images revealed vacuolation of
the axoneme and loss of mitochondria derivative of
the frozen and thawed sperm. Damage to the mito-
chondria of a derivative during freezing and thawing
can lead to a decrease in the mitochondrial membrane
potential [39]. The changes caused by cryopreserva-
tion and found in the present study were similar to
changes in some ultrastructures of fish spermatozoa
[40] and different mammalian species such as llamas
[39], horses [18], and rams [41]. In the study by Atro-
shchenko et al. [18] the authors found many sperma-
tozoa with acrosome fragmentation due to false acro-
some reaction, with acrosome hyperplasia (non-com-
pact acrosome content), and nuclear changes and
vacuolization of chromatin. In the study by Balamuru-
RUSSIAN 
gan et al. [40], it is showed that freezing and thawing
caused various ultrastructural changes, such as dam-
age to the plasma membrane around the sperm head,
flagellum fragmentation, and complete f lagellum loss
in fish sperm. In the study by Zampini et al. [39], acro-
some damage, loss of mitochondria, disorganization
of the axoneme and periaxonemal structures, and
invagination in the nucleus of llama spermatozoa were
observed with the help of TEM. In the study by Keskin
et al. [41] mainly cryodamage to the membrane, as
well as mitochondria (electron-lumen matrix) and
axoneme (loss of axoneme doublets) cryo-damage
were observed in ram sperm STEM. Vesiculation in
acrosomal membranes and loss of acrosomal content
observed in the study [18, 37, 39–41] with frozen-
thawed semen could be the result of an acrosomal
reaction. In the current research, we have not detected
the drone sperm acrosome using a transmission elec-
tron microscope and have not evaluated the effects of
cryopreservation. The observed ultrastructural
changes indicate that our freezing protocols for drone
semen need to be reconsidered, evaluating various
diluents and cryoprotectants from the ultrastructural
perspective. In conclusion, it can be said that the
ultrastructure of the first frozen and thawed spermato-
zoa of honeybee drones and the ultrastructure of dam-
age caused by long-term cryopreservation are charac-
terized by the freezing procedure. The transmission
electron microscope has allowed us to detect several
ultrastructural sperm lesions that would not have been
noticed by routine baseline assessments. Electron
microscopic observation of frozen and thawed sper-
matozoa can help optimize the cryomedium, compo-
sition, and other important factors to minimize cryo-
damage [40]. Further research should focus on reduc-
ing damage to the ultrastructure of sperm during
freezing to improve cryopreservation protocols for
drone sperm.
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