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Abstract

The normal developmental anatomy and histology of the reproductive tract of the honey bee drone, Apis mellifera
(Linnaeus, 1758), has been well documented. The post-emergence maturation changes of the accessory glands are
likewise well understood, but the normal histological changes of the testicle undergoing physiologic atrophy are
not well characterized. To address this knowledge gap, herein we describe the anatomy and sequential histological
stages of normal testicular atrophy of drones sampled daily from emergence to sexual maturity in the spring (June)
and early summer (July).Testicular histological changes during maturation are characterized by the following stages:
1) conclusion of spermiogenesis; Il) evacuation of spermatodesms from tubular lumens; Ill) progressive follicular
cell atrophy, and IV) complete atrophy and collapse of testicular parenchyma. Tubular changes occur in a basilar
to apical direction where segments closer to the vas deferens are histologically more mature than corresponding
apical segments. In addition, the rate of testicular maturation was found to change with seasonal progression. This
description of physiologic testicular atrophy should be useful for future studies investigating potential pathological

effects of stressors on drone testes during sexual maturation.

Key words: drone, histology, maturation, testicle, reproduction

The reproductive anatomy of the male honey bee was first described
and illustrated by the naturalist Jan Swammerdam in the posthu-
mous publication Biblia Nature (Swammerdam 1738). Drone re-
productive organs consist of paired testes, conducting tubules and
ducts (vas efferens, vas deferens, and ejaculatory ducts), accessory
sex glands (seminal vesicles and mucus glands), and endophallus
(Bishop 1920). Subsequent studies described the macroscopic and
microscopic structures of reproductive organs in developing brood
and maturing adult drones (Zander 1916, Snodgrass and Morse
1956, Woyke and Ruttner 1958; Moors et al. 2005, 2012, Moors
and Billen 2009, Lago et al. 2020).

Developmental anatomy (Zander 1916) and histology
(Snodgrass 1910, Zander 1916, Bishop 1920, Snodgrass and Morse
1956, Woyke and Ruttner 1958) of drone testes during larval and
pupal stages have been described previously, and Lago et al (Lago
et al. 2020) recently published a histological atlas that thoroughly
depicts spermatogenesis and testicular development of drones prior
to emergence. The functional units of the insect testis are the tes-
ticular tubules (Snodgrass 1935, Snodgrass and Morse 1956)
[also called testicular follicles or sperm-tubes (Snodgrass 2018)].

Hundreds of tubules radiate out from the vas deferens, via indi-
vidual vas efferens (Snodgrass 2018) continuous with the basilar tu-
bule, and extend to the blind-ended (apical) tubule at the periphery
of the testicle (Lago et al. 2020). All testicular tubules are already
present at the early larval stage (Zander 1916, Lago et al. 2020).
Rapid testicular growth is due to elongation of the testicular tubules
along the apical-basal axis by mitotic divisions of the spermato-
gonia, which eventually form germ cell clusters (late larval stage)
and undergo meiosis (in pupae after capping), which generates
spermatids in red-eyed pupae. Spermiogenesis occurs at the final
pupal (or also called pharate adult) stage during which all sperm-
atozoa are produced from spermatids before the emergence of adult
drones (Lago et al. 2020).

Individual testicular tubules are surrounded by an inner peri-
toneal sheath (Lago et al. 2020) that contains follicular cells (Da
Cruz-Landim et al. 1980, Power et al. 2020) [also called nutritive
(Moors et al. 2009), or cyst cells (Snodgrass and Morse 1956, Cruz-
Landim 2001]), which house and support the developing gametes
in specialized intracellular cavities (Snodgrass 1935). The entire
testis is also surrounded by a peritoneal sheath (Snodgrass 1935) [or
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testicular capsule (Forbes 1954, Kapil 1962)]. The apical ends of the
testicular tubules are located along the outer periphery adjacent to
the peritoneum (apical surface of testes), and the basilar portions of
testicular tubules oriented centro-medially are adjacent to the vas
deferens. These tubules are arranged similar to the vesicles of an or-
ange segment, radiating outwards from the vas deferens. Numerous
tracheoles infiltrate the capsule and extend between the testicular
tubules (Klowden 2013) providing gas exchange.

The most differentiated (older) germ cells are found at the
basilar segments of testicular tubules (Snodgrass 1935, Lago
et al. 2020). The germ cells continue spermatogenesis within the
follicular cells, progressively forming spermatogonia, sperma-
tocytes, spermatids, and spermatozoa defining the histological
zones of growth, maturation, and transformation respectively
(Smith 1968). The distinct zones can be observed simultaneously
during active spermatogenesis (Rego et al. 2013), but in emer-
gent drones only the final stage may be observed histologically
(Snodgrass 1910). The mature spermatozoa are bundled together
[forming spermatodesms (Smith 1968)] and rupture free from the
follicular cell into the follicular lumen and progress towards vas
efferens and common vas deferens. The process of germ cell gen-
eration and meiosis is reported to be completed by the sixth day
of pupal development (Bishop 1920, Snodgrass and Morse 1956)
when the testes are most developed, occupying the majority of the
abdomen. The resulting testes no longer have tubules undergoing
active elongation (germ cell generation and meiosis), and predom-
inantly display spermiogenesis (the final stage of spermatogen-
esis), which is maintained until emergence (Lago et al. 2020). In
tubules undergoing spermiogenesis, we can see the conversion of
spermatids to spermatozoa, which are then bundled together and
released into the paired vas deferens and seminal vesicles over the
first few days of life (Bishop 1920).

The developmental larval and pupal anatomy and histology
of the accessory sex glands have been described in detail from the
first larval instar to emergence (Zander 1916, Bishop 1920; Moors
et al. 2005, 2012, Moors and Billen 2009). The seminal vesicles are
enlarged segments of the vasa deferentia and the majority of their
growth is completed by 18 d postoviposition (Zander 1916). The
seminal vesicles begin producing and storing secretions as early as
day 20 postoviposition and begin receiving sperm from the testes
several days before emergence (Bishop 1920). The mucus glands,
ejaculatory duct, and endophallus begin to take their final morph-
ology and anatomical position approximately 1 wk before emer-
gence (Zander 1916).

After emergence, the reproductive organs of drones continue
to develop and undergo rapid changes during their sexual mat-
uration (6 to 12 d postemergence). The gross and histological
changes to the vas deferens, seminal vesicles, mucus glands,
and endophallus during sexual maturation have been described
very well (Bishop 1920, Woyke and Ruttner 1958, Woyke and
Jasinski 1978, Colonello and Hartfelder 2005; Moors et al. 20035,
2012, Moors and Billen 2009). Sperm produced in the testes is
transferred to the seminal vesicles via the proximal vas deferens
from 3 to 8 d postemergence (Bishop 1920, Jaycox 1961) where
they remain within the seminal fluid until ejaculation (Collins
et al. 2006). The heads of the spermatozoa are imbedded into
the luminal surface of the epithelium of seminal vesicles where
they complete their final portion of development (Bishop 1920,
Snodgrass and Morse 1956). The inner circumferential and outer
longitudinal muscle layers are responsible for expelling the con-
tents of the seminal vesicles along a short distal vas deferens to the

mucus gland and ejaculatory duct during intromission (Snodgrass
and Morse 1956). The mucus glands gradually enlarge and ac-
cumulate secretions for the first nine days after emergence and
their function and histological development has been described
previously (Bishop 1920, Colonello and Hartfelder 2003, Moors
et al. 2005). The mucus glands are lined by a simple glandular
and secretory columnar epithelium, surrounded by three muscular
layers (inner longitudinal, middle circumferential, and outer lon-
gitudinal layers) (Bishop 1920) which contract simultaneously
with muscles of seminal vesicles during copulation and force-
fully eject the contents of the seminal vesicles and mucus glands
through the common ejaculatory duct to the endophallus (Woyke
and Ruttner 1958).

The endophallus is divided into three portions: the vestibulum,
the neck (cervix), and the bulb, which have been described anatomic-
ally and histologically in detail (Bishop 1920, Snodgrass and Morse
1956, Moors and Billen 2009, Moors et al. 2012). During ejacula-
tion, the forceful contraction of the drone abdominal muscles forces
the distal reproductive organ to evert and eviscerates the drone while
achieving full eversion of the penis.

Postemergence testicular changes are remarkable during the
sexual maturation of drones. The testes of newly emerged drones re-
lease mature spermatodesms to be stored in the seminal vesicles over
the first few days of life (Bishop 1920) and subsequently undergo
rapid involution and marked reduction in size (Snodgrass 1910).
Drones reach sexual maturity 6-12 d postemergence, at which time
the testes are reduced to a fraction of their original size (Snodgrass
1910, Bishop 1920, Woyke and Ruttner 1958, Landim 2008). This
marked testicular size reduction is an indicator of the functional
maturity of drones (Bishop 1920). Chronological testicular involu-
tion has been described histologically in several Hymenopteran spe-
cies [wasps (Moors et al. 2009), ants (Forbes 1954, Shyamalanath
and Forbes 1983, Ball and Vinson 1984, Allard et al. 2011), and
other bee species (Cruz-Landim and Dallacqua 2002, Sawarkar
and Tembhare 2015)]; however, a detailed histological description
of chronological testicular involution during sexual maturation of
drones is still lacking.

Accordingly, the purpose of this study was to create a histological
atlas of chronological changes associated with testicular involution
during sexual maturation of experimental drones with synchronized
age from day 1 to 21 postemergence.

Materials and Methods

Experimental Colonies

Research colonies originated from blended local commercial
beekeeping stock with a minor contribution of New Zealand
packaged bees that were cross-bred and represented a genetic
mixture most closely resembling Apis mellifera carnica. The col-
onies were located at the University of Saskatchewan Research
Apiary (52°07°38.4”N 106°3635.6”W) in the city of Saskatoon,
Saskatchewan, Canada. Prior to the experiment, colonies at
the apiary received standard spring treatments (as practised
in Western Canada) of amitraz (Apivar. Veto-Pharma, France)
and oxytetracycline-HCl (Oxytet-25. Medivet Pharmaceuticals,
Canada) according to label instructions. One strong and healthy
colony with a one-year-old (marked) queen was selected and fed ad
libitum 1:1 (w:w) sugar syrup and pollen patty (Ultra Bee Patties,
Mann Lake Ltd., Hackensack, MN) to facilitate early spring
build-up until the initiation of the trial in May 2017.
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Design of Experimental Hive

The selected experimental colony was housed in a standard 10-frame
Langstroth hive with two brood chambers and additional honey
supers added as needed during the honey flow. A drone compart-
ment was built using queen excluder mesh in the top brood chamber
(Fig. 1). Accordingly, the experimental hive was divided into three
compartments: 1) a brood chamber containing 16 frames (10 in the
bottom, 6 in the top brood chamber), 2) a drone compartment adja-
cent to a side wall containing 3 frames (one drone, one open worker
brood, and one honey and pollen frame in positions 3, 2, and 1, re-
spectively (Fig. 1), and 3) one or more honey supers separated from
the brood chambers by a queen excluder.

Rearing and Sampling Experimental Drones

To raise drones with synchronized age, the queen was caged for
24 h in the drone compartment containing a plastic drone frame
(Pierco, Riverside, CA) with drawn-out wax foundation, a frame
with open worker brood, and a honey and pollen frame (Fig. 1).
After 24 h of laying eggs on the drone frame, the queen was trans-
ferred back to the brood chamber while the drone frame remained
within the drone compartment. At day 21 postoviposition, all bees
were removed from the drone compartment to exclude any poten-
tial nonexperimental drones. To track the emergence date of experi-
mental drones, the drone compartment was inspected daily from day
23 to 26 postoviposition to mark all emerged drones during past
24 h with a specific color for that day using a queen marking pen.
The emerged drones remained entrapped within the drone compart-
ment for the entire duration of the experiment (from day 1 to day 21
postemergence). To evaluate daily sequential chronological testicular
changes during sexual maturation of drones, 10 marked drones of
the same age were collected each morning (6:00-7:00 a.m. during
low flight intensity) for three weeks postemergence. Drones were col-
lected into chilled (6°C) buffered 10% formalin to reduce the risk of
everting the endophallus as they became mature. This experiment
was performed in June and then repeated in July 2017.

Macroscopic Evaluation of Testes During Sexual
Maturation

Macroscopic morphological changes of drone’s reproductive organs
were assessed by dissection (7 = 3 per day of age in June and July)
of formalin-fixed drones under a stereomicroscope (Olympus-SZ61,
Japan) and by photography (Olympus DP71 microscope digital
camera — Olympus, Japan) using 10-15 consecutive field depths
(Fig. 2A and B). The digital images were stacked with Helicon Focus
6.7.1. (Helicon Soft Ltd., Ukraine) to obtain a full depth in-focus
image. Sexual maturation was assessed using the (coronal) 2D surface
area of the testes measured by an image analysis software (Image-
Pro Premiere 9.1 software, Media Cybernetics, Rockville, MD).

Microscopic Evaluation of Testes During Sexual
Maturation

Microscopic evaluation of testes from 6 drones of the same age
per day (day 1 to 21 postemergence) was performed for experi-
ments in June and July. A dorsal incision was made along the
abdomen 24 h after drone collection in formalin, to enhance pene-
tration and fixation for at least 48 h before further processing.
To preserve the in-situ orientation of the reproductive organs,
the intact (undissected) formalin-fixed abdomens were subjected
to a standard histological tissue processing for mammalian spe-
cies. Briefly, the formalin-fixed abdomens were dehydrated in

A Queen excluder mesh

Honey Supers

—Drone compartment

Top brood chamber

Bottom brood chamber

Fig. 1. Schematic diagram (A) and photographs (B and C) of experimental
hive used in this study. Three-frame drone compartment was built using
plastic queen excluder mesh in the top brood chamber. A honey and
pollen (H), open worker brood (W), and experimental drone (D) frame with
drawn wax foundation were placed in the first, second, and third positions,
respectively. Newly emerged drones were marked with a specific color for
each day using a queen marking pen. (B) Closed drone compartment where
drones matured into adulthood; (C) Open drone compartment with a green
drone frame (D) during inspection and marking of newly emerged drones on
days 23, 24, 25, 26 postoviposition.

progressive alcohol baths (70, 80, 95, 100%) for one hour in
each concentration, then transferred to xylene for one hour be-
fore being exposed to 60°C paraffin under a vacuum. To reduce
sectioning artifact, the dorsal abdominal cuticle was removed
from paraffinized abdomens under a dissecting microscope with
heated tools, and subsequently the whole abdomens were em-
bedded dorsoventrally in paraffin blocks (Paraplast Plus, Leica
Biosystems, Richmond, IL) to allow dorsal aspects of the ab-
domen to be sectioned first. Serial coronal abdominal sectioning
(5 pm thick) was performed until medial coronal gonadal sections
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2.0 mm

Day 14

Day 15

Fig. 2. Dissected drone reproductive tract after formalin fixation. (A) Dissected reproductive tract of immature drone (day 7): b, bulbus; €j, ejaculatory duct;

mg, mucous gland; sv, seminal vesicle; t, testicle; tr, tracheal network. (B) Dissected reproductive tract from emergence (day 1) to sexual maturity (day 15) of
representative drones. The testes are at their greatest size at emergence and gradually involute to the end-stage testes once sexual maturation is reached.

with maximal coronal-sectional area were obtained, which were
mounted on glass slides, dried for 1 h at 65°C, and stained with
a standard histological hematoxylin and eosin (H&E) stain fol-
lowing the previously published procedure (Suvarna et al. 2012).
Briefly, xylene 2 min, xylene 2 min, 100% ethyl alcohol 2 min,
100 % ethyl alcohol 2 min, 90% ethyl alcohol 2 min, 70% ethyl
alcohol 2 min, running 40°C water 1 min, Surgipath Harris hema-
toxylin 560 (Leica Biosystems, Richmond, IL) 5 min, running 40°C
water 1 min, 0.3% acid alcohol 15 s, running 40°C water 1 min,
Surgipath blue buffer 8 (Leica Biosystems, Richmond, IL) 1 min,
running 40°C water 3 min, 80% ethyl alcohol 1 min, Surgipath
alcoholic eosin 515 Y (1%) (Leica Biosystems, Richmond, IL)
30 s, 90% ethyl alcohol 1 min, 90% ethyl alcohol 1 min, 100%
ethyl alcohol 15 s, 100% ethyl alcohol 15 s, 100% ethyl alcohol
15 s, xylene 2 min, xylene 1 min, xylene 1 min. The slides were
then cover slipped in a fume hood using Micromount (Leica
Biosystems, Richmond, IL) (Luna and Pathology (U.S.) 1968).
The H&E-stained tissue sections were evaluated by light
microscopy; microscopic changes were described for each day and
histologic images were captured under various magnifications using
an Olympus BX51 microscope and Olympus DP71 microscope

digital camera. Microscopic evaluation was focused on the testicular
parenchyma (germ cells, tubular follicular and epithelial cells) and
supporting testicular structures (visceral fat body, tracheal mesh,
and peritoneum). Testicular changes during the sexual maturation
period were divided into four distinct stages that were described
histologically.

Daily Temperature

Daily mean temperature data were collected from publicly accessible
historical weather data (Meteorological Station: Saskatoon Res, SK,
Canada) (Government of Canada, 2011) from June to July and com-
pared to sexual maturation length and period of drones evaluated in
experiments performed in June and July, 2017.

Analysis of Data

Sexual maturation period was evaluated by testicular involution
measured by 2D testicular surface. For each drone, the 2D surface
area was added for both testes (7 = 3 drones per day) and plotted
against the age of the drone for both experiments performed in
June and July. The total testicular surface areas were compared be-
tween the two experiments using one-way ANOVA comparing the
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gonad size on each day of maturation between the two months with
STATA-15 (College Station, TX) statistical analysis software.

Histological changes in testes were described for 6 drones for
each day between day 1 and 21 postemergence (in June and July),
which were subsequently grouped into 4 testicular maturation
stages based on common progressive changes in testicular involution
during sexual maturation of drones.

Results

Macroscopic Evaluation of Drone Testes During

Sexual Maturation

From eclosion (emergence) to sexual maturity, the drone testes de-
creased in size (i.e., undergo atrophy or involution) on average by
90.9% (SD = 0.3%) as assessed by photographed coronal 2D tes-
ticular surface area. Seasonal progression affected the rate of tes-
ticular atrophy (F = 39.0, df = 1, 7; P < 0.05), with drones emerging
in July achieving sexual maturity 3-4 d before drones emerging in
June (Fig. 3). Honey bee drones emerged with testes at their greatest
size (7.9-10.8 mm?) and subsequently decreased in size to an atro-
phic end-stage (0.9-1.0 mm?) once sexual maturity was reached be-
tween days 9 and 14 postemergence (Figs. 2 and 3). The testicular
size of drones reared in July differed significantly from those reared
in June starting on day 6 postemergence (Fig. 3).

Microscopic Evaluation of Drone Testes During

Sexual Maturation

The macroscopic decrease in testicular size corresponded to a pro-
gressive pattern of histological change in the testicular tubules, germ
cells, and supporting stroma. The changes were described daily and
subsequently divided into four stages based on common, sequential,
testicular microscopic morphology during the sexual maturation
period (summarized in Table 1). These changes appeared to occur
in a continuum, in an order that reflected the relative age of the cells
along the tubule, and progressed from a basilar to apical direction,
where basilar tubular sections appeared histologically older than
their corresponding apical segments. This pattern of apical segments

12

-
o

Surface area of testis (mm?)

—June Average Temperature

—July Average Temperature
¢ June Drones

e July Drones

' h{’}*ih;

appearing less mature compared to basilar segments was most prom-
inent for the first two described histologic stages.

Stage I — Conclusion of Spermiogenesis in Follicular Cells (Days

1-3 Postemergence)

The testes were surrounded by a penetrating tracheal mesh (tr,
Fig. 4A and C), and abundant perivisceral fat (fb) adjacent to a
thin external peritoneal sheath (p), which surrounded hundreds
of tightly packed testicular tubules (tu). Each tubule contained an
outer monolayer of squamous, inner peritoneal sheath cells (ips,
Fig. 4B-E) which circumscribed a layer of follicular cells (fc), with
spermatids (st), and spermatozoa (sz) in cytoplasmic cavities called
spermatocysts. Spermatodesms (sd, Fig. 4B-E) were oriented toward
the basilar tubule with their tails (ta) are imbedded within the fol-
licular cell layer.

There was a mild difference between apical (Fig. 4B and C) and
basilar (Fig. 4D and E) testicular tubular segments. Basilar tubular
segments contained no spermatids (st) within spermatocysts of fol-
licular cells and contained more spermatodesms (sd) in the lumen.
There was a mild reduction in tubular diameter, from ~125 pm in
apical to 100 pm in basilar region. The vas deferens (vd, Fig. 4A) was
empty, containing only scattered occasional spermatodesms.

Stage II — Evacuation of Spermatodesms From Tubular Lumens
(Days 4-6 [July] or 4-9[June])
The tracheal mesh and peritoneum (p, Fig. SA) appeared thickened as
the area of coronal section of the testes decreased. The follicular cells
lining testicular tubules were smaller and their round nuclei with prom-
inent single nucleoli were more distinct from cytoplasm than those in
Stage 1. The apical tubules (~100 pm diameter) (Fig. 5B and C) con-
tained spermatodesms (sd) with tails (ta) imbedded in the follicular
cells obscuring the border between tubular lumen and tubular wall.
The basilar tubules (~85 pm diameter) (Fig. 5D and E) have a
well-defined luminal space (tu.l) containing spermatodesms, whose
tails were not imbedded within follicular cells (fc, Fig. 5). The
spermatodesms were travelling into the vas deferens (vd, Fig. 5A)
which appeared dilated with tightly packed spermatodesms, and by
days 6 to 8 (in July and June respectively) the entire tubular content

25

20

15

10

Mean daily temperature (°C)

15 20 25

Day

Fig. 3. Sexual maturation of drones and average temperature in June and July, 2017. Sexual maturation was monitored/measured by progressive daily reduction
in two-dimensional (coronal) testicular area measured on captured images of dissected formalin fixed drones.The drones were deemed to reach sexual maturity
when testicular area was reduced to 2 mm? or less. Sexual maturation of drones was faster in July (warmer days), than in June (colder days) (P< 0.05). The graph
represents the average surface areas (+SD) of each testis of drones (n =3 drones/day) raised in June or July (2017) and daily average temperatures in Saskatoon,

SK, Canada over the experimental period (Government of Canada, 2011).
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Table 1. Chronological changes during maturation of the testicular parenchyma and supporting structures

Vas deferens

Follicular cells (FC)

Name Age (days)

Stage

July

June

Empty

FC contain spermatids (apical only), spermatozoa, and tails

1-3

1-3

Conclusion of spermiogenesis

of spermatodesms. Indistinct tubular lumen.
FC do not contain spermatids, or spermatozoa; only tails of

Packed with

4-6

4-9

Evacuation of spermatodesms from tubular lumens

I

spermatodesms

spermatodesms. Spermatodesms evacuating basilar tubule.

FC do not contain gametes and undergo atrophy. Distinct,

7-8

10-13

Progressive follicular cell atrophy

I

empty tubular lumen.
Complete loss of FC and tubules. Stellate cells, tracheoles,

9+

Complete atrophy and collapse of testicular 14+

v

and pigment granules remain.

parenchyma

The maturation was divided into four phases: conclusion of spermiogenesis, evacuation of spermatodesms from tubular lumens, follicular cell atrophy, and complete atrophy and collapse.

of spermatodesms was transferred into the vas deferens and seminal
vesicle.

Stage III - Follicular Cell Atrophy (Days 7-8 [July]

or 10-13 [June])

The tracheal mesh and peritoneum (p, Fig. 6A) were thickened, cor-
rugated, and surround markedly reduced testicular parenchyma.
Compared to Stage II, the follicular cells lining testicular tubules
were 2-3 fold smaller and contained round to oval nuclei (n, Fig.
6B-D) with indistinct nucleoli and denser chromatin. The testicular
tubules (~50 pm diameter) (tu, Fig. 6B and C) were lined by low
columnar to cuboidal follicular cells with round nuclei in the ap-
ical segments whereas in the basilar segments follicular cells were
cuboidal to flattened (attenuated) with round to oval nuclei that
are affected occasionally by pyknosis (pn, Fig. 6E) or karyorrhexis
(* Fig. 6E) consistent with apoptotic processes. The testicular tubules
contained only occasional spermatozoa (sz) and no spermatodesms
(Fig. 6B-D), whereas vas deferens (vd, Fig. 6A) was distended with
spermatodesms.

Stage IV — Complete Atrophy and Collapse (Days 9+ [July] to

14+ [June])

The testes reached the final involution and atrophy with complete
loss of tubular parenchyma. The end-stage testes consisted of a col-
lapsed dense tracheal meshwork intermixed with stellate or spindle
stromal cells and occasional lipofuscin-laden phagocytic cells (If, Fig.
7B and C). Grossly, the atrophied testes were triangular and tan - to
light green flecks of tissue (~1 mm?), imbedded within a dense tra-
cheal meshwork (Fig. 2B, day 15).

Discussion

This study documented chronological daily histological changes of
testes of drones from emergence to sexual maturity during spring
and early summer. Light microscopic morphology of testicular
changes during sexual maturation was divided into four overlapping
stages: Stage I — conclusion of spermiogenesis (day 0-3), Stage II —
evacuation of spermatodesms from tubular lumens (day 4-9), Stage
III — progressive tubular and follicular cell atrophy (day 7-13), and
Stage IV — complete atrophy and collapse of testicular parenchyma
(day 9-14). The length of Stages II and III was shortened and sexual
maturation of drones accelerated with seasonal progression; namely,
drones reared in July matured ~ 4 d earlier than drones reared in
June. In addition to chronological morphological differences in
testicular histology during sexual maturation, there were also ana-
tomical differences between basilar (closer to vas deferens) and ap-
ical (closer to blind end) aspects of testicular tubules. Histological
changes affecting follicular cells in basilar segments of tubules were
more advanced than those in apical segments.

The detailed histological description of Stages II and III in the
current study bridged the gap in the scientific literature and pro-
vided the complete chronological light microscopic description
of the testicular changes from emergence until sexual maturity
of honey bee drones. Previous studies have focused on testicular
histology at emergence (Zander 1916, Bishop 1920, Snodgrass
and Morse 1956) or after testicular involution, labelled as Stages
I and IV, respectively in this study. Recently, Lago et al. (Lago et al.
2020) published a histological atlas illustrating the entire sequen-
tial testicular development of honey bee drones during larval,
pupal, and pharate stages. Taken together, the work of Lago et al.
(Lago et al. 2020) and the current study describe and illustrate the
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Fig. 4. Stage | - Conclusion of spermiogenesis.Testis of Apis mellifera drone at eclosion: (A) Coronal section of vas deferens (vd), testicle (t), and tubules (tu) with
surrounding peritoneum (p), visceral fat body (fb), and tracheoles (tr). Longitudinal (B) and cross section (C) of an apical tubule with follicular cells (fc) housing
individual spermatids (st) and spermatozoa (sz). Spermatodesms (sd) are oriented basilary, with heads (hd) and glycoprotein caps (gc) in the lumen and tails (ta)
extending apically.The tubule is circumscribed by an inner peritoneal sheath (ips), with external tracheoles (tr). Longitudinal (D) and cross section (E) of a basilar
tubule displaying a similar structure with more mature gametes. Spermatodesms (sd) occupying the tubular lumen with heads (hd) and glycoprotein cap (gp)
oriented to the vas deferens and tails (ta) associated with the lining follicular cells (fc) which also hold imbedded spermatozoa (sz).

comprehensive histological testicular development of honey bee Microscopic morphological changes in drone testes are cor-
drones from the third larval instar to complete sexual maturity related with macroscopic progressive reduction in testicular size
(9-14 d after emergence). during sexual maturation. Testicular size plateaus for 3 d after
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Fig. 5. Stage Il - Evacuation of spermatodesms from tubular lumens. Testis and vas deferens of a five-day-old Apis mellifera drone. (A) A coronal section of the
testicle (t), tubules (tu), vas deferens (vd), and peritoneum (p). A longitudinal (B) and cross section (C) of the apical tubule still releasing formed spermatodesms
(sd) with glycoprotein cap (gp) and tails (ta) extending apically or to the follicular cell (fc) cytoplasm (nucleus, n; inner peritoneal sheath, ips). The longitudinal (D)
and cross section (E) of the basilar tubules have more empty luminal space as they approach the vas deferens. The tubular lumen (tu.l) becomes more distinct
from the follicular cell lining as the former evacuates its spermatodesms.The follicular cells have large vacuoles with eosinophilic flocculent material and deeply
staining eosinophilic material lining the luminal surface.
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Fig. 6. Stage Ill — Progressive follicular cell atrophy. Testis (t), vas deferens (vd), seminal vesicle (sv), and adjacent the ventriculus (vt) of a 10-day-old Apis
mellifera drone. (A) Coronal section of the testicle (t) covered by peritoneum (pt). Longitudinal (B) and cross (C) section of the apical tubules (tu) shows scant
individual spermatozoa (sz) and atrophic follicular cells (fc), inner peritoneal sheath (ips), tracheoles (tr), and follicular cell nuclei (n). The basilar tubules (D and
E) are mostly empty, with attenuated, hypereosinophilic follicular cells with scattered pyknotic nuclei (pn) and karyorrhexis (*).
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Fig. 7. Stage IV - Complete atrophy and collapse of testicular parenchyma. Testis (t), vas deferens (vd), and seminal vesicle (sv) of a 15-day-old Apis mellifera
drone. (A) A coronal section of the testicle and vas deferens with abundant tracheal (tr) network within the ruffled peritoneum (p) with adjacent Malpighian
tubules (mt) and ventriculus (vt). Schmorl’s stain (B) reveals numerous dark green granules consistent with lipofuscin (If) throughout the testicular remnant.The
tubules are no longer distinguishable (C), but the tracheoles (tr) persist with scattered stellate stroma cells with scattered golden-brown pigment, and pyknotic

nuclei (pn).

eclosion which corresponds to Stage I of sexual maturation and
is characterized by the conclusion of spermiogenesis in follicular
cells and accumulation of spermatodesms in tubular lumens.
Macroscopic testicular reduction in size begins with Stage II, which
is histologically characterized by evacuation of spermatodesms from
tubular lumens into vas deferens and seminal vesicles. The final re-
duction of testicular size occurs during Stage III which consists of
progressive atrophy of follicular cells and testicular tubules once
the sperm is completely transferred into vas deferens and seminal
vesicles. The ‘end-stage’ atrophic and involuted testes occur during
Stage IV once follicular cells disappear and testicular tubules col-
lapse and are intermixed with tracheoles and consolidated stroma.
Once end-stage testicular atrophy and involution was reached, there
were no further macroscopic or microscopic changes until the end
of the experiment at day 21.

The histological changes in testes of A. mellifera drone observed
during sexual maturation in the current study are comparable to
those reported in other hymenopteran insects with semelparous
mating. Postemergence spermiogenesis (Histological Stage I) ob-
served in the current study is also present in testes of newly emerging
Meliponini bees (Friesella schrottkyi) and Indian honey bees (Apis
ceranae indica) (Kapil 1962, Sawarkar and Tembhare 2015),
which is followed by transfer of sperm out of testicular tubules
(Histological Stage II) (Sawarkar and Tembhare 2015) and disorgan-
ization and loss of follicular cells (Histological Stage IIT) that result

in final testicular atrophy (Histological Stage IV) (Cruz-Landim and
Dallacqua 2002, Landim 2008). The end-state (Stage IV) of mature
hymenopteran testes is histologically similar across many species and
is consistent with our findings in A. mellifera drones (Cruz-Landim
and Dallacqua 2002, Moors et al. 2009, Allard et al. 2011, Sawarkar
and Tembhare 2015). The duration of postemergence sexual mat-
uration of hymenopteran males ranges from 9 to 14 d in Vespula
vulgaris wasps (Moors et al. 2009), Friesella schrottkyi stingless bees
(Brito et al. 2010), Solenopsis invicta ants (Ball and Vinson 1984),
and Apis ceranae indica (Sawarkar and Tembhare 2015), which is
comparable to Apis mellifera drones observed in this study. Other
hymenopterans drones display active spermatogenesis at emergence,
such as the wasps [Ancistrocerus antilope (Bushrow et al. 2006),
and Vespula vulgaris (Moors et al. 2009)] and ants [Grnamptogenys
bicolor (Allard et al. 2011)], similar to the pre-emergence testes of
the drone (Lago et al. 2020). The latter two organisms (Moors et al.
2009, Allard et al. 2011) show patterns of histological involution
similar to those described in this study.

The previously published period for sexual maturation of drones
ranges from 6 to 8 d (Bishop 1920, Mackensen and Roberts 1948)
to 12-16 d (Winston 1991), which is consistent with the current
study. Increased environmental temperature is reported to accelerate
drone sexual maturation (Jaycox 1961, Czekoniska et al. 2013),
which was also observed in this study. Despite the change in matur-
ation rate, the serial presentation of the four histological stages was
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maintained. The drones in this experiment were confined within the
drone compartment using queen excluder mesh to prevent attrition
of free-flying drones; this prevented normal drone behaviour such
as orientation and voiding flights during the first couple of weeks
after emergence. The effects of confinement stress on experimental
drones used in the current experiment are unknown. Nevertheless,
the time to reach sexual maturity was within the previously pub-
lished range (Bishop 1920, Mackensen and Roberts 1948, Winston
1991). Regardless, it may be useful to repeat this study with free-
flying drones to rule out potential negative impact of confinement on
testicular histological morphology during maturation.

Power et al (Power et al. 2020) recently published an investiga-
tion of histopathological changes in testes of 25 free-flying healthy
drones, the age of which was estimated according to whole-body
mass (Metz and Tarpy 2019). Based on microscopic evaluation,
17/25 drones had normal testicular parenchyma with germ cells
within follicular cells and spermatodesms in tubular lumens which
correspond to histological Stages I and II, respectively, described in
the current study. They also observed degeneration and necrosis of
follicular and germ cells within seminiferous (testicular) tubule of
5/25 drones and delayed or incomplete maturation of germ cells in
2/25 drones. Interestingly, Power et al. (Power et al. 2020) also in-
dicated that an experimental histopathological study describing tes-
ticular changes during sexual maturation of drones was lacking. The
current study fills this gap, and the detailed histological description
of testicular changes will enable differentiation of normal atrophic
processes occurring during sexual maturation from pathological
processes described by Power et al. (Power et al. 2020).

This study describes chronological histological changes of testes
obtained from drones with synchronized age from emergence to
sexual maturity. Testicular histological changes during sexual mat-
uration of drones were divided into four stages: I — conclusion of
spermiogenesis, II — evacuation of spermatodesms from tubular
lumens, III — progressive follicular cell atrophy, and IV - com-
plete atrophy and collapse of testicular parenchyma. In addition
to chronological morphological differences in testicular histology
during progression of sexual maturation, there are also anatomical
differences in progression of maturation between apical and basilar
segments of testicular tubules. Accordingly, both chronological
and anatomical variations in microscopic changes in testes during
normal sexual maturations should be considered in future studies
investigating potential pathological effects of biotic and abiotic
stressor on testes of drones during sexual maturation.
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